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This thesis describes the process of Hydrothermal carbonization and a comparative assessment 
on recent work done on the process using different feedstocks such as Raw Apple (RA), Apple 
chip pomace (ACP), apple juice pomace (AJP), grape pomace (GP),  macadamia nut-shell 
(MNS), Sewage Sludge (SS), Poultry Litter (PL) and Grape Marc (GM). The data obtained from 
the literature survey was compared with the data obtained by the CCL team on the SWPS 
gasifier (HTC of poultry litter) to obtain how carbon conversion efficiency, syngas composition, 
thermal efficiency, char production rate, gas production rate and energy utilization vary with 
carbonization process conditions, majorly, temperature and time. 
Hydrothermal carbonization process is an effective, cost efficient and environmental-friendly 
process, capable of degrading biomass efficiently to obtain energy efficient product.  HTC is 
perfectly suitable for the conversion of wet waste to form hydrochar due to it high conversion 
efficiency, low operating condition and elimination of pre-drying requirement compared to other 
processes. Hydrothermal carbonization process is performed in a closed heated reactor in which 
biomass and water mixture (usually between 20:80 biomass-feedstock ratio) at a temperature 
ranging between (180- 260 OC), pressure ranging between (2-6 MPa) and residence time between 
(5 – 480min). The product of hydrothermal carbonization process is majorly solid, refered to as 
hydrochar (yield usually between 27-80%),  liquid and gas (usually between 2-10%). The gas 
composed mainly of carbon dioxide (sometimes, up to 99%) and carbon monoxide, and trace 
amount of methane, hydrogen and other gaseous hydrocarbon which are sometimes found at 
higher temperature of the process. The liquid phase also referred to as process water contains 
several organic compounds such as acetic acid, aldehydes and alkenes, and aromatics such as 
furanic and phenolic compounds it serves as the solvent, reactant and heating medium fluid for 
the process. %. Hydrochar produced is rich in aromatic carbon and oxygen content, which is 
present due to dehydration and decarboxylation. 
Result from the comparison shows that the lowest yield of solid is obtained by using glucose-
based biomass such as the fruit waste with high sugar content and poultry liter with high protein 
content.  High Lignin based feedstocks such as wood, grape marc and grape seed are best for 
when high yield of hydrochar is desired. Comparing with the yield of poultry litter obtained by 
CCL team, CCL team has the least yield of hydrochar. 
Temperature and time change have been shown to influence the product of hydrothermal 
carbonization. Temperature variation changes hydrochar chemical characteristics and its energy 
content. As temperature increases, the carbon content increase while the oxygen decreases as a 
result of hydrolysis and dehydration, Volatile matter of carbon content decreases, which signifies 
the stability of the organic carbon in hydrochar is improved. H/C and O/C ratio decreases with 
increasing temperature due to dehydration and decarboxylation and gas phase formation. 
The carbon conversion efficiency for RA, ACP, AJP, GP increases with increasing carbonization 
time while, efficiency of GM, GS, SS, MIS, MNS and PL decrease with increase in time and 
temperature. The increase in carbon efficiency is due to their high sugar content.  
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Energy densification ratio increases, Energy yield decreases with increasing time and 
temperature. Grape seed and Grape marc carbonization have the highest heating value of 
29.88MJ/Kg at 250 OC and residence time of 480 minutes. The thermal efficiency of HTC 
decreases with reaction severity therefore, more energy is being conserved in the hydrochar as 
the reaction temperature and time increase. The thermal efficiency of GM, MNS and SS is higher 
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One of the major concerns for energy policy makers is the uneven supply of energy resources 
around the world. Another issue of great concern, not only for energy policy makers but also for 
other stakeholders in the energy sector, is the increasing rate of energy consumption and the 
environmental consequences of using conventional fossil fuels.  
To address these growing concerns, it would therefore be imperative to explore alternative energy 
resources. In this connection, care should be taken to adopt options that would be widely available, 
cost effective and very importantly, environmentally friendly. In other words, the ultimate would 
be to arrive at solutions to energy needs, which would be devoid of the widely known hazards and 
other disadvantages associated with the use of conventional fossil fuels.  
One of the most realistic measures to tackle these problems is the use of biomass as an alternative 
source of energy.  
Biomass is a natural product of plants and animals as well as their waste produce and other 
associated products. The fact that the constituent products of biomass are essentially organic, 
makes biomass a veritable biological candidate for the much-needed solutions to the problems of 
energy needs which would simultaneously address the environmental challenges posed by 
greenhouse gas emissions (GHGs). The ability to strike an equilibrium between plant biomass 
production and utilization holds a lot of prospects for significant reductions in GHG emissions. 
Of great importance is the choice of technology that would be deployed towards this end, as such 
technology must not be found to be at variance with the key purposes biomass was meant to 
serve in the first place, such as environmental friendliness, cost effectiveness, availability and 
sustainability.  
Though it has been well established that there are different methods of biomass utilization for 
energy recovery such as gasification, torrefaction, pyrolysis and hydrothermal process, despite 
their economic benefits and the fact that these methods are friendly to the environment, biomass 
itself as a sustainable energy resource has certain inherent disadvantages. These disadvantages 
include heterogeneity, high moisture, low density, low energy content, the presence of 
impurities, and limited space and water resources – both for the production of some biomass 
crops and later for the storage space for crops before onward conversion to energy.  
Surmounting the challenge to come up with a conversion process that minimizes or excludes the 
aforementioned disadvantages leads us to the comparatively more cost-effective option of 
hydrothermal conversion processes, among which is the artificial coalification process called 
hydrothermal carbonization. This particular conversion process simply involves the 
decomposition of organic matter as a result of a certain degree of temperature, and the inclusion 
of water. 
The hydrothermal carbonization (HTC) process was invented at the beginning of the 20th century 
by Friedrich Bergius, concentrating on the conversion of solid waste within limited hours using a 
pressure chamber at high temperatures. HTC is based on the natural process, coalification of 
organic material, which has taken place under geological influences mainly in the Carboniferous 
(Bergius, 1928).  
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Hydrothermal carbonization has been applied to a wide range of wastes including poultry waste, 
sewage sludge, agricultural waste and municipal waste to generate useful products and also solve 
waste disposal problems. Biomass decomposition involves series of stages which include, 
hydrolysis, dehydration, decarboxylation, aromatization and recondensation. Unlike other 
processes of converting waste into useful energy source which requires high heat for the drying of 
the moisture content in the wet biomass, HTC is a cost effective and environmentally friendly 
option.  
Hydrothermal carbonization is understood to be the coalification of organic material in aqueous 
phase under applied high temperatures and pressure. This process, the refinement of biomass, 
having lain forgotten for a long time, has been re-discovered and further developed under the 
direction of Professor Antonietti, director of the Department of Colloid Chemistry at the 
MaxPlanck Institute of Colloids and Interfaces in Golm/Potsdam (MPI). The earlier described 
processes could now be accurately controlled using modern instrumentation and supported by 
catalysts (Titirici et al., 2007). 
 The resulting HTC-Bio char can be incinerated or can be further utilized industrially like brown 
coal is used. An example might be conversion through the FISCHER- TROPSCH-synthesis into 
petrol. Hydrothermal carbonization is not a fast process; thus, during the reaction, interesting 
byproducts such as peat or humus can be gained and consequently used for soil improvement 
(Titirici et al., 2007). 
HTC is seen as a promising technology that can not only function to transform wet biomass waste 
streams into a coal-like product that could be used as a renewable combustible or a soil conditioner, 
but also applicable to a wide range of other environmental, electrochemical and catalytic 
applications. 
As opposed to a process such as pyrolysis, hydrothermal carbonization uses heated water (at 
temperatures around 200°C and at high pressure) to "heat" the biomass and produce a slurry that 
can be efficiently processed into biofuel. HTC unlocks most efficiently the energetic potential in 
organic waste: the ideal organic waste-to-energy technology. 
1.2 Objective 
This work presents a quantitative assessment and comparison on literature survey of wet waste 
and hydrothermal carbonization system. The data obtained from the literature survey is compared 
with the data obtained by the CCL team on the SWPS gasifier to obtain how carbon conversion 
efficiency, syngas composition, thermal efficiency, char production rate, gas production rate and 







2 Literature Review 
2.1 Biomass Conversion Processes 
Currently, a number of carbonization methed have been developed  to convert biomass into useful 
energy efficient product, most of these technologies are able to efficiently convert the energy in 
waste into liquid or gaseous fuel after separating the ash content from the converted fuel. 
Generally, there are four majorly steps in converting biomass to energy. The processes include: 
the pretreatment (a process in which biomass is pelletized and treated with hot water or steam 
which may sometimes contain acid or base to de-polymerize the biomass); the enzymatic process 
(a process in which enzymes depolymerize complex polysaccharides polymers into sugar); the 
fermentation process (process in which sugar are converted into fuel mostly ethanol) and lastly, 
the separation process (process whereby liquid fuel is separated from the solid, usually distillation 
process) (Sorek et al., 2014). The process used depends basically on the feedstock and desired 
production. The pretreatment processes are classified based on their process conditions.  
Thermal pretreatment involves treating biomass with steam, liquid water, acid or base and 
densifying the biomass through the process of pelletizing and briquetting to assure uniformity of 
the physical properties of the biomass feedstock. The advantages of the biomass pretreatment 
include; reduction in the cost of transporting  and storing of the biomass, less energy use, fast 
reactions and noncorrosive chemical to minimize pretreatment reactor cost, improve the recovery 
of lignin and other constituents for conversion to valuable co-products, minimal waste 
production, reduce hygroscopicity and increase grindability. (Williams et al., 2016). These 
pretreatment processes include; pyrolysis, gasification, dry torrefaction and hydrothermal 
carbonization. 
2.1.1 Pyrolysis 
Pyrolysis is a thermal decomposition process that take place at temperature around (300-650 OC) 
and oxygen starved reactor. The process involves degradation of organic material into solids 
called “char”, vapor or volatile matter and liquid. Yield of the products are favored by varying 
the reaction time and temperature. Decreasing temperature and increasing residence time 
increases the char yield.  Increasing the temperature and decreasing the residence time results in 
increase in the yield of gas and liquid. Pyrolysis can either be fast or slow. Slow pyrolysis is 
characterized by slow heating rate followed by long residence time and the target product are 
mostly solid and liquid and gas phase are usually not recovered (Hossain et. al., 2011). Fast 
pyrolysis, on the other hand, is characterized by high heating temperature, usually in ranges 
between 500 -1000 OC and short residence time in an oxygen starved reactor. The yields are char 
(usually small), and large amounts of vapor containing tar and volatile gases that are later 
transformed into liquid. The process requires feed preparation and drying to less than 10% water 
content in the feedstock, which are capital-intensive. The presence of additional water in bio-oil 
affects stability, viscosity, PH and reduces heating rate and moisture content in product. 
Conditions such as temperature, nature of feedstock, pressure, residence time etc. play a major 




Gasification process occur at a very high temperature range usually between 600 -1200 OC and 
short residence time (between 10-20 seconds). Contrary to pyrolysis process, gasification takes 
place in the presence of oxygen so that partial combustion can take place. The product yield is 
high in gaseous product (about 85%, also referred to as syngas) and low in liquid (about 5%) and 
char (<10% which are highly toxic) (H.S. Kambo, 2014). 
2.1.3 Dry Torrefaction 
Also referred to as mild pyrolysis, takes place at temperature ranging between 200-300 OC in an 
oxygen starved reactor and residence time between 30min to hours. The stage of conversion 
process begins with heating, pre-drying, post-drying, intermediate heating for adequate 
evaporation of moisture content and to achieve the target temperature. Torrefaction process 
result in about 30% mass loss and high mass yield of about 70%. 10% of the mass loss is 
recovered in form of gas. The gas yield is condensed to liquid. The solid product recovered from 
this process are not classified as biochar because, the product still contained highly volatile 
organic compound which can be further converted through pyrolysis process. 
2.1.4 Advantages of HTC Over Other Thermochemical Process 
The main advantage of HTC is that the feedstock doesn't need to be dried before or during the 
process, allowing the conversion of organic matter with high water content. HTC can thus be 
applied to a wide range of biogenic substrates from feces to municipal bio waste. This process is 
thus particularly suitable for wet biomass as the energy intensive drying can be avoided.  
HTC process is superior to other energy conversion process listed above because, it is a carbon 
efficient process i.e. the reaction takes place with only a slight loss of carbon in the solid phase. 
The process is exothermic, and more than energy needed for the conversion can be obtained by 
the process (Ramke, H-G et al., 2009). 
The chemical structure of char produced from HTC is similar to natural coal than that produced 
from pyrolysis (Libra et a. 2011), thus hydrochar from HTC can be used as a substitute for fossil 
fuel in conventional combustion process (Regmi et al., 2011). 
The liquid phase separation efficiency from hydrochar is greater than other process. The heating 
value of the hydrochar produced from HTC is high which also increase with increasing 
temperature and residence, this property makes hydrochar produced from HTC a good source of 
fuel. 
2.2 Hydrothermal Carbonization Feedstock 
Biomass feedstock type and its properties plays a very important role in obtaining an excellent 
conversion. These types of feedstock use are generated under conditions that result in no 
“indirect land use changes” and meet the ideal conditions for greenhouse gas reduction. 
(https://polymerinnovationblog.com/second-generation-biomass-feedstock-3-and-on-his-farm-
he-had-some-switchgrass/). If these feedstocks are not obtained under these conditions, 
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production of hydrochar, syngas and liquid fuel could lead to excessive deforestation, 
greenhouse gas emission, particulate air pollution and community health problems due to 
inhalation of poisonous emissions. The nature and amount of waste products and its generation 
depends mainly on population size and the area size under consideration. As a result, it could be 
concluded that the kind of waste and quantities generated varies from place to place. For 
instance, the nature of waste produced in an urban area with heavy industrial activities would be 
different from the nature of wastes generated in rural areas with less industrial activities. 
Industrial wastes, which include but are not necessarily limited to paper products, industrial by-
products, chemical solvents, sandpaper, chemical, paints, radio-active wastes, metals etc., were 
materials that could have been rendered useless during industrial manufacturing activities 
(Chinaza, 2017). The estimated biomass production is approximately 100 billion metric tons of 
carbon per year (field et al., 1998).  
Feedstock could be categorized as either wet or dry (depending on the moisture content present 
at the harvesting time). When the moisture content present is greater than 30%, it is referred to as 
wet biomass (e.g. freshly harvested vegetable waste, algae, animal waste, sewage sludge, etc.)  
Wet biomass also includes other types as microalgae and unrecycled materials with high 
moisture content.  
On the other hand, when the moisture content is less than 30%, it is classified as dry feedstock, 
such as agricultural residue and some woody species (H. S. Kambo et al., 2014).  
Wet and dry biomass are also categorized into two, which are: waste biomass and purposed 
grown biomass. The waste biomass includes: (H.S. Kambo et al., 2014). 
Table 2.1: classification of feedstock 




miscanthus dry < 10 
switchgrass dry <10 
sewage sludge wet >30 
Agro-forestry 
waste dry <30 
animal manure wet >30 
organic food 
waste wet >30 
MSW dry <30 
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algae wet >30 
vegetable 
waste wet >30 
woody 
biomass dry <30 
 
2.2.1 Animal Wastes 
Animal waste effluent, manure are litters that can be used to generate hydrochar, gas and liquid. 
Animal waste include; diary waste, feedlot waste (cattle and pig manure, piggery waste, poultry 
litter etc.). The burning of the gas from waste such as animal poop, would generate biogas energy. 
2.2.2 Agricultural Waste 
Agricultural Crops waste are residue from crops such as bagasse and can trash, fruits waste, 
grape waste (grape marc, the skins and pips remain after crushing) and Nutshells (shells and 
hulls of nuts are woody waste) can be used to generate power. Plantation and sawmill residue are 
also used for energy or fuel (Biomass producers, 2013).  
2.2.3 Municipal and Domestic Waste 
Municipal and domestic waste are mostly organic and few inorganic wastes such as glass and 
metals. They are generated from residential waste such as product packaging, newspaper, food 
waste, yard waste, magazines and grass clippings.  
Other types of waste biomass are from Waste streams such as sludges, and Algae. 
2.2.4 Purpose-Grown Biomass 
Purpose-Grown Biomass are high energy crop waste are specifically grown for energy 
production. Dedicated energy crops (e.g., miscanthus, switchgrass, energy cane, high biomass 
sorghum, sweet sorghum, shrub willows and hybrid poplars). Some trees are also planted and 
harvested regularly for woody biomass. Trees such as Mallee eucalypt and Pongamia are 
harvested every few years are rich in oil. 
To further explain the various types of waste based on location it is generated from, figure 2.1 
below summarized waste generated from four different countries  (USA, UK, China and Kenya) 











Figure 2.2: Bioenergy feedstock sources researched by Bioenergy Technologies office (BETO) 
FSL program (source: https://www.energy.gov/eere/bioenergy/biomass-feedstocks ) 
2.2.5 Lignocellulose Biomass 
Lignocellulose are plant or plant-based material, it is an abundant, renewable and sustainable 
resource for producing biofuel, bioproducts and biopower (US Department of Energy). 
lignocellulose biomass is formed through plant photosynthesis and are a combination of 
cellulose, hemicellulose, lignin, ‘extractive” (smaller organic molecules and inorganic mineral 
compounds), and ash (Williams et al., 2016).   
Cellulose, hemicellulose and lignin are the three main component which form the plant cell wall. 
The presence of Lignocellulose biomass is found in; Agricultural residues e.g. corn Stover, 
dedicated energy crops (e.g., miscanthus, switchgrass, energy cane, high biomass sorghum, 
sweet sorghum, shrub willows and hybrid poplars), forest residues (e.g., logging residues and 
forest thinning).  
The availability and price of lignocellulose material make it an attractive and preferred feedstock 
for carbonization compared to other biomass (Keerthi V. et al. 2014). The conversion of 
lignocellulose biomass to the production of biofuel and chemical has offered an advantage of 
cheaper conversion of sugar. Lignocellulose has a very complex structure and as a result of that, 
it is important to use a technology that is very efficient and cost-effective preteatment process 
(Trent Y. et al. 2014).  
Composition of lignocellulose have varying proportion in different types of biomass. It is these 
proportion determines the kind of products and their distribution in hydrothermal carbonization 
process. Table 2.2 below shows the variation in chemical composition of some plants. 






Cellulose are the largest part of lignocellulose material, they crystalline polysaccharides 
composed of glucose monomers linked by (β -1,4) to form a long chain polymer of cellulose. 
They form weak hydrogen bond with hemicellulose, and they are resistant to hydrolysis 
(Williams et al., 2016; Wang et al., 2018).  
 
Figure 2.3: Cellulose chain illustration (biocyclopedia) 
Hemicellulose are complex polymers comprise of various carbohydrates such as xylose, glucose 
hexose and mannose. When hemicellulose is heated, it is degraded to monomers. Hemicellulose 
have lower degree of polymerization and are more susceptible to degradation compared to 




Figure 2.4: Structure of constituent hemicellulose (Biocyclopedia) 
Lignin is an amorphous complex array of polymers that heavily intertwined with the biomass 
structure which provide rigidity to the plant. Lignin are covalently bonded with hemicellulose.  
Degradation of lignin begins at 200 OC. However, only a small amount of lignin is degraded at 
this temperature due to it complex structure and high molecular weight. Presence of Lignin in 
thermal conversion process is beneficial in increasing oil yield and molecular weight (Williams 
et al., 2016; Wang et al., 2018; Zhang K. et al., 2016). 
 
Figure 2.5: Structure of lignin (Biocyclopedia)  
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Extractives contains the water-soluble components, such as non-structural sugars and proteins, 
and ethanol soluble components, such as chlorophyll and waxes.  
2.3 Hydrothermal Carbonization Process 
Hydrothermal carbonization process also referred to as wet torrefaction is an effective cost 
efficient and environmental-friendly process, capable of degrading biomass efficiently to obtain 
a high yield of desired product.  HTC is perfectly suitable for the conversion of wet waste to 
form hydrochar due to it high conversion efficiency, low operating condition and elimination of 
pre-drying requirement compared to other processes. Wet waste is biomass with high moisture 
content usually greater than 30% (H.S. Kambo, 2015).  Wet waste includes freshly harvested 
biomass such as vegetable waste, animal waste, algae and sewage sludge. In recent studies 
different feedstock has been used for HTC process ranging from agricultural residue, animal 
manure, sewage sludge, food waste, fruit waste, MSW, cellulose, glucose, and algae residue. 
HTC of wet biomass pass through series of steps such as: mechanical dewatering, filtering, 
thermal drying before it can be useful as fuel. 
HTC process involves the process of transforming sugar and carbohydrates into black soil, 
brown coal, peat and other carbonaceous material (Environmental institute). Carbohydrate can 
exist as a monomer or polymer. Monosaccharides carbohydrates are hydrophobic while the 
polysaccharides can be hydrolyzed by water and breakdown into monomers. The reaction 
equation of HTC of carbohydrate to produce coal and water is given in equation 1: 
 [C6H12O6]n  → n[C6H2O + 5H2O]                  +  ~950KJ/mol   (1) 
   
     
HTC reaction is exothermic and is accompany by entropy as a result of increase in the number of 
molecules and degree of freedom (Environmental institute) (Ramke, H-G et al.,2009). 
HTC handles waste with high moisture content. Hydrothermal carbonization results in the 
production of a highly carbon rich solid called hydrochar, a gas composed mainly of carbon 
dioxide and trace amount of other gases and liquid phase with dissolved organic compound also 
known as process water.  
Hydrothermal carbonization process is performed in a closed heated reactor in which biomass and 
water mixture (usually between 20:80 biomass-feedstock ratio) at a temperature ranging between 
(180- 260 OC), pressure ranging between (2-6 MPa) and residence time between (5 – 480min). The 
temperature inside the reactor is monitored with a thermocouple, which is placed in the center of 
the reactor. As the water is heated and pressurized, the hydrogen bond in the water become 
disarrayed and reassemble in a more linear molecular structure. This reassembling causes the 
molecule to become hydrophobic and helps reduce tar formation, produce light hydrocarbon and 
volatile matter. After the desired temperature were maintained for a desired residence time, the 
reactor is immediately quenched with cold tap water. When the temperature of the biochar slurry 
mixture inside the reactor drops, the pressure release valve is opened, and the gaseous product was 
released for analysis using a gas chromatography. Then, the solid and liquid mixture will be 
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removed from the reactor and separated using filter paper. The solid product (hydrochar) is then 
dried in a muffle oven for a period of 24 hours for further analysis. The product of hydrothermal 
carbonization process is majorly solid, refered to as hydrochar (yield usually between 27-80%),  
liquid (between 5- 25%) and gas (usually between 2-10%). Increasing the temperatiure above 260 
OC , hydrothermal liquifaction (favors liquid formation) and gasification (favors syngas formation) 
process begins. However, the scope of this project is limited to hydrothermal carbonization 
process. Hydrothermal carbonization reaction is known to be exothermic (Funke A, Ziegler F, 
2010; Berge et al., 2011). 
During HTC process, cellulose degradation starts at temperature greater than 200 OC. When 
cellulose is hydrolyzed at this temperature, the long change breaks down into smaller compound 
which are soluble in water. Further decomposition result in glucose which isomerize to fructose 
(Williams et al., 2016). The product of hydrolysis undergoes series of reactions such as 
isomerization, dehydration, fragmentation, polymerization and condensation to form hydrochar. 
The resulting hydrochar exhibit a polyaromatic structure combined with poly-furanic rings; 
whose presence is determined by hydrothermal severity (Wang et al, 2018). 
Hemicellulose polymers decomposition start at temperature between (160-180 OC) and complete 
decomposition of hemicellulose takes place at temperature between 200-300 OC (Williams et al., 
2016).  
hemicellulose polymer structure collapse into monomers. Cellulose complete decomposition is at 
temperature between 300-400 OC (Williams et al., 2016; Wang et al, 2018). 
Lignin degradation begins at 200 OC, during hydrothermal carbonization process, only small 
portion of lignin is degraded due to the process condition of HTC (which takes place between 
180 – 260 OC) and lignin is the most thermally stable among the lignocellulose component, it 
undergoes water solubility and complete dissolution at temperature greater than 300 OC (usually 
around 600 OC) (Williams et al., 2016; Wang et al, 2018). 
Cellulose and hemicellulose carbonization produce vapours (liquid and gas). HTC of Lignin 
favours production of solid (char). Carbonization of the extractives, produce vapor via 






Figure 2.6: Hydrothermal carbonization reaction of Lignocellulose (Yafei Shen et al. 2017) 
Sewage sludge contains carbohydrate existing in form of saccharide, lignocellulose and high 
Nitrogen content (source of protein and amino acid). HTC process SS follows two process 
pathways after pretreatment, the dissolved protein and carbohydrate undergoes series of 
hydrolysis (which reduce the protein to amino acid and carbohydrate into glucose/fructose), 
dehydration and  Millard reaction process which contribute to the formation of polyaromatic 
hydrochars (N-containing rings compounds). The undissolve fraction of the SS undergoes 
secondary process called solid-solid conversion (a convertion process similar to pyrolysis), 
whereby condensation, dehydration and decarboxylation process takes place to yield hydrochar. 
The hydrochar produced from SS depends on composition of the SS, the amino acid content, 
protein content and the reaction severity (Wang et al, 2018).  Due to it high nitrogen content, SS 
HTC process need further research to clarify the structure of the hydrochar formed (Wang et al, 
2018). SS is considered a suitable soil amendment due to it high content of nitrogen and 
phosphorous as well as other micro and micro nutrients however, after HTC process the water 
and nutrient retention capacity of the hydrochar is reduced (Paneque et al., 2015). Similar to SS, 
HTC of Algae residue also need further research clarify the structure of the hydrochar formed. 
When Qian Xu et al., 2013, performed HTC process on macroalgae Sargassum Horneri at 
temperature between 180-210 OC, Hydrochar produced was formed mainly through dehydration 
reaction and the carbon content ranges between 36.8-50.5% and the HHV ranges between 19.0 -
25.1 MJ/Kg.  
Paneque et al. 2015, performed hydrothermal carbonization on SS collected from experimental 
water waste and temperature of 200 OC and 260 OC and residence time of 30min and 1hour. It 
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was found that the hydrochar yield was favored at 200 OC and increasing the temperature has no 
significant effect on the yield. 
HTC process is mainly influenced by temperature, residence time, feed/water ratio, concentration 
of feedstock, water source, reactor design and catalyst. All these listed parameters directly and 
indirectly affect the energy efficiency of the process. When the biomass-to-water-ratio is low, the 
energy demand for heating will be high due to increase in the specific capacity of water, thereby 





Figure 2.7: Hydrochar produced from hydrothermal carbonization of chestnut (Hong et al., 2017) 
Operational conditions associated with HTC process include (Funke and Ziegler, 2010); HTC 
can be performed in temperature range between 180-250 OC, liquid must be present for the 
reaction to take place and at saturated pressure, feedstock must be completely submerged in the 
process water otherwise, other reaction will take place, pressure must be applied to keep water in 
liquid phase and must be between atmospheric boiling point and critical temperature (i.e. 
subcritical temperature of 374 OC) to avoid hydrothermal gasification and gaseous carbon 
products such as CH4 and H2, the process water used should be neutral or weak acidic to 
improve the reaction rate of the process and lastly, residence time vary between 1 and 72 hours, 
shorter residence time have also been applied. 
2.4 Products of Hydrothermal Carbonization Process 
Product of hydrothermal carbonization reaction are solid referred to as hydrochar, liquid 
(mixture of bio-oil and water) and gaseous (mainly CO2) product. The yield of this product 
depends of the feedstock and reaction severity i.e. reaction temperature and residence time.  
 
2.4.1 Liquid phase  
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The liquid phase also referred to as process water contains several organic compounds such as 
acetic acid, aldehydes and alkenes, and aromatics such as furanic and phenolic compounds (Lu et 
al., 2012). During HTC process it serves as the solvent, reactant and heating medium fluid. Large 
amount of water is consumed during hydrolysis for the decomposition of carbohydrate and 
proteins, these is accompanied by recovery of large amount of liquid during dehydration 
reaction. The produced water is often recycled back into the system therefore it contains high 
concentration of chemical oxygen demand (COD) and total organic carbon (TOC). Due to it high 
concentration or organic and inorganic chemicals, it must be treated before it can be fit for 
agricultural purposes. 
2.4.2 Gas phase 
The gas produced by HTC is usually in small quantity (2-10%) which composed mainly of 
carbon dioxide (sometimes, up to 99%) and carbon monoxide, and trace amount of methane, 
hydrogen and other gaseous hydrocarbon which are sometimes found at higher temperature of 
the process. The concentration of the compositions depends of biomass and its reactivity. 
Increase in reaction severity increases the yield of gas. During the HTC process, as the biomass 
begins to decompose series of reactions takes place such as decarboxylation (removal of oxygen 
from the feedstock) which causes the yield of CO2, demethanization result in the yield of 
methane. Decarbonylation result in the yield of CO.  
2.4.3 Hydrochar 
2.4.3.1 Physio-Chemical Properties of Hydrochar 
hydrochar is the major product of HTC. The yield of hydrochar is usually between 27-80%.  It 
rich in aromatic carbon and oxygen content, which is present due to dehydration and 
decarboxylation, which explain it affinity for water. Hydrochar produced after carbonization is in 
form of slurry and it is usually oven-dried at 105 OC for 24hours. The resulting dried hydrochar 
is brittle or powered and pressed. The macro and microscopic properties of hydrochar is 
determine by the means of a scanning electron microscope (SEM) to determine carbon beads and 
compared it structure to that of coal. Wet hydrochar obtained from animal-based food when 
observed are sticky and it stick to the autoclave, hydrochar obtained from carbohydrate and food 
waste were observed to be loose. When animal-based hydrochar is dried, it maintains the 
stickiness while hydrochar from carbohydrate and food waste when dried, it appears powered 
and pressed (S.B. Tradler et al., 2018). These properties vary with feedstock, process condition, 
reactor design, catalyst and feedstock-water ratio.  
Hemicellulose polymers decomposition start at temperature between (160-180 OC) and complete 
decomposition of hemicellulose takes place at temperature between 200-300 OC, where its 
polymer structure collapse into monomers (Williams et al., 2016).  
Cellulose degradation starts at temperature greater than 200 OC and complete decomposition is at 
temperature between 300-400 OC (Williams et al., 2016). 
Lignin degradation begins at 180-260 OC, during hydrothermal carbonization process, However, 
only a small amount of lignin is degraded at this temperature due to it complex structure and 
16 
 
high molecular weight. It undergoes complete dissolution at temperature greater than 300 OC 
(usually around 600 OC) Presence of Lignin in thermal conversion process is beneficial in 
increasing oil yield and molecular weight (Williams et al., 2016; Wang et al., 2018). 
 
Figure 2.8: Micro and macro analysis of various hydrochar: (a) hydrochar from carbohydrate 
food waste (rice), (b)-(c) hydrochar from average food waste and vegetable food, (d) hydrochar 





Figure 2.9: SEM Image of raw MNS hydrochar: (a) raw MNS, (b) MNS180 OC-120min, (c) 
MNS220 OC-60min, (d) MNS220 OC-120min, (e) MNS220 OC-180min and (f) MNS260 OC-





Figure 2.10: SEM Image of (A) raw ACP; (B) ACP-HTC 225 OC; (C) ACP- HTC-260 OC; (D) 
raw GP; (E) GP-HTC-190 OC; (F) GP-HTC-225 OC (Zhang et al., 2018). 
The SEM image of raw ACP show a well-defined structure (figure A), when it was treated at 225 
OC (figure B), decomposition of sugar content in the hydrochar already began at this stage, so the 
structure has broken down to a certain extent but not completely. At 260 OC (figure C), it is 
observed that complex polymer structure has broken down further into monomers and 
disaccharides. Raw GP as shown in figure B, shows a smooth polymer structure which became 
rough at 190 OC, this shows that decomposition of the polymer in GP began at temperature lower 
than 190 OC as shown in figure E. At 225 OC, further decomposition of the polymer structure in 
GP has occurred followed by atomization of carbon particle, as shown by the bulb-like structure 
with uniform size distribution (figure F). GP decomposition can be likened to that of 
Hemicellulose decomposition. Data from literature also shows that Raw apple contains 80% 
sugar, ACP contains 33.7% sugar, AJP 39.1% sugar and GP 29.2% sugar content. Therefore, it 
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can be concluded that raw GP has a high hemicellulose content and ACP has high cellulose 
component.  
2.4.3.2 Benefits and Potential Applications of Hydrochar 
Hydrochar benefit and its potential application has received several attentions in recent years. 
These applications are summarized by Neethu TM and PK Dubey, 2018: 
 Hydrochar can be used to increase water retention capacity in sandy soil due to it affinity for 
water. Adding hydrochar to sandy soil decrease it bulk density and increases it pore volume 
thereby allowing water to penetrate the soil. Hydrochar produced from lignocellulose biomass 
can be used as activated carbon due to it low ash content.  Hydrochar may also be used to 
decrease the PH of soil with high basic content.  Hydrochar can be as solid fuel generate energy 
when burn directly. Serves as an adsorbent agent. Hydrochar generated from saw dust can be 
used to remove heavy metal in aqueous solution (e.g. cadmium). It also serves as a low-cost 
adsorbent agent for contaminant present in aqueous solution, also adsorb organics pollutant such 
as; dye, pesticides and pharmaceuticals  
2.5 HTC Product Characterization 
One of the parameters in describing the properties of product of HTC is the use of Van Krevelen 
diagram. Van krevelen diagram is a plot of H/C as a function of O/C atomic ratio, it is used in 
classifying coal and predict it compositional evolution. From the literature, the hydrochar 
produced from HTC process exhibit similar characteristics as the low grade of coal. The diagram 
shows thermal decomposition process and how much has been transformed. It also separates 
different classes of coal sample according to their nature, maturation and processing stages.  
Figure 2.11 shows Old Van Krevelen diagram for wood, lignite, cellulose, Anthracite, lignin and 
coals. The arrows indicate decrease in O/C and Increase in H/C atomic ratio increases the heating 
value. As the severity increases Oxygen is removed through dehydration (removal of H2O) and 
decarboxylation (removal of CO2) reaction.  At low H/C and O/C atomic ratio, smoke, water 
vapor, and energy lose are decreased during combustion. From the figure 2.11 below, anthracite 




Figure 2.11: Old Van Krevelen diagram. (http://biofueloutlook.blogspot.com/2010/12/van-
krevlen-diagram-useful-means-of.html) 
HTC process on Biomass allows the product of thermally carbonized biomass to exhibit similar 
properties to that of standard grade of coal such as lignite, bituminous and Anthracite. Anthracite 
coal are hard, shiny and black in color. It contains high percentage of fixed carbon and energy 
density, and low percentage of volatile matter. Bituminous coal appears shinny and smooth 
however it is layered. Sub-bituminous coal is soft, dull and black in color with heating value 
greater than lignite. It is commonly used in generating electricity. Lignite coal is brown in color, 
it has the least heating value, high moisture content and low energy density. The higher heating 
value of the standard grade of coal is listed in table 2.3 below: 







low-volatile bituminous 33.414 
medium-volatile 
bituminous 32.247 
high-volatile bituminous A 30.499 
high-volatile bituminous B 28.262 
high-volatile bituminous C 25.047 
Sub-bituminous B 21.319 





3.1 Previous Studies on Hydrothermal Carbonization Process 
This research was conducted using data from hydrothermal carbonization of Raw Apple (RA), 
Apple chip pomace (ACP), apple juice pomace (AJP), grape pomace (GP),  macadamia nut-shell 
(MNS), Sewage Sludge (SS), Poultry Litter (PL) and Grape Marc (GM) by Zhang et al., 2018; P. 
Saetea & N. Tippayawong, 2013; I.C. Kantarli et al., 2016; Fan F. et al., 2018; N.D. Berge et al., 
2011; H. E. Putra et al., 2018; Luca et al., 2014; and Basso et al., 2016.  
Zhang et al., 2018; used the following four different types of fruit wastes as feedstocks for HTC: 
rotten apple (RA), Apple chip pomace (ACP), apple juice pomace (AJP), and grape pomace (GP). 
For all feedstock, the operating conditions for the HTC were 190 OC, 225 OC and 260 OC for 
residence time of 15min and biomass-to-water ratio of 1:12. The products were characterized and 
compared for heating value, ultimate, proximate, SEM and TEG analyses. The result reveal that 
while temperature and time of process have significant effect on the mass yield and the energy 
densification ratio, the concentration of the feedstock also contributed significantly to the yield of 
product.  
Fan F. et al., 2018; investigated the preparation and properties of hydrochar from macadamia 
nutshell (MNS) through Hydrothermal carbonization. MNS is a type of lignocellulose waste. The 
properties were studied at temperature between (180-260OC) and residence time between (60-180 
min). The result shows that on increasing HTC temperature and residence time; mass yield of 
hydrochar, H and O content decreases, while high heating value and carbon content of hydrochar 
increases. Infrared spectroscopy of the char yield revealed that decarboxylation and dehydration 
reactions were the predominant pathways during HTC process. 
P. Saetea & N. Tippayawong, 2013; performed HTC on sewage sludge at a constant temperature 
of 200OC, pressure of 2.1MPa and residence time between (1-6hrs). The product of the HTC 
resulted in a hydrochar with a low fixed carbon, high ash and volatile matter. As carbonization 
time increases, the char yield decreases slightly due to large decomposition of the biomass. 
Volatile matter also decreases, while fixed carbon increases slightly as time increases. High 
heating value and energy densification was also found increasing with increasing carbonization 
time. The gas generated from this process is small (2-5%). The solid yield in this process is high 
(74-81%). 
I.C. Kantarli et al., 2016; converted Poultry Litter (PL) into energy feedstocks using HTC over a 
temperature range between 175-250OC and residence time of 30min. The result shows that as 
temperature increases hydrochar mass yield decreases, high heating value and volatile matter 
increases. The gas produced mole percent composition of CO2, CO and H2 were in the range of 
88.7 – 97.9%, 0-2.7% and 1.7-6.4% respectively. 
Basso et al., 2016; studied HTC as a viable process to energetically vaporize Grape Seed (GS) at 
a temperature of 180OC, 220OC and 250OC, residence time at 1hr,3hr and 8hr, and pressure 
between 40-50bar. The result shows that temperature is the main parameter affecting the HTC 
process. Increasing the temperature and residence time leads to a decrease in char yield and volatile 
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compound, increase in carbon content and high heating value. Increasing temperature also 
increases the thermal stability of the hydrochar. As mass yield of char decreases with increase in 
temperature, it favors the yield of the syngas. The gas phase composed mainly of CO2, at higher 
temperature some CO are being generated and trace amount of H2 and CH4. CO2 molar fraction 
ranges from 94% -99%, CO yield ranges between 0.07-0.58%, H2 ranges between 0.14 -0.55% 
and CH4 percentage yield ranges between 0.02 – 0.17%. At 180OC composition of CO2 ranges 
between 98-99%. When temperature was increased, CO2 yield was decreased while CO 
production increases. Increasing residence time at 180OC causes CO2 yield to decrease slightly. 
No significant effect was observed at 220OC when the reaction time was increased. CO2 yield 
increases while oxygen yield decreases on increasing the reaction time at 250OC. 
Luca et al., 2014; performed HTC on grape marc (grape marc consists of grape skin, grape seed 
and stalk) using similar operating condition (residence time and temperature) as Basso et al. The 
experiment also result in lower yield of hydrochar as temperature and residence time increases. 
CCL team performed HTC on poultry litter at 290.56 OC, 297.22OC and at 276.67 OC for 10min, 
10min and 30min respectively. The process resulted in a low yield of char, heating value increases, 
energy yield decreases and energy densification increase as carbonization temperature increases. 
The char produced contains carbon, oxygen, sodium, magnesium, Aluminum, silicon, phosphorus, 
Sulfur, chlorine, potassium and Calcium. 
The proximate and ultimate analysis, mass yield, energy yield and energy densification of the 
process were already determined and calculated in the literature using the descriptions below. 
3.1.1 Proximate Analysis 
Proximate analysis of the sample is usually conducted using a proximate analyzer. Analysis of 
ash, Volatile matter and Fixed carbon are determined according to ASTM standard. A known 
weight of the sample is dried over a period of time and temperature (usually about 16hr and 103 
OC). The difference in the weight before and after drying is indicate the moisture content. Ash 
content is determined igniting a sample of the hydrochar over a high temperature and time 
(usually around 575 OC and 5hr), the difference before and after igniting is the ash content. 
Volatile matter is at a higher temperature, but shorter time compare to ash (usually 950 OC and 
7min), difference before and after igniting is the volatile matter. Fixed carbon is determined by 
subtracting percentage of ash, moisture and volatile mater from 100% (Zhang et al., 2018). 
3.1.2 Ultimate Analysis 
Ultimate analysis of the char sample is conducted using an elemental analyzer. The analyzer 
usually give result for carbon, hydrogen, nitrogen and sulfur. The oxygen content is calculated 
for using equation (2): 
 O% =  100% − C% − H% − N% − S% − ASH% 





Atomic ratio of hydrogen to carbon H/C and oxygen to carbon O/C is determine and interpreted 
using Van Krevelen diagram. The atomic ratio correlation is given in equation 3 and 4:  
 











   
(4) 
 
3.1.3 Mass and Energy calculation 
Mass balance 
Mass balance is calculated based on the general mathematical statement which can be written as 
the total mass entering a unit equal total mass leaving the unit; 




Mass yield is calculated using equation (6) 
 
Mass yield =  
mass of dried hydrochar
mass of dried raw material
× 100 




Sum of energy into the system is equal to the sum of energy out of the system. 
 ∑ Energyin =  ∑ Energyout 
   
(7) 
 
Energy densification ratio and energy yield of hydrochar is calculated using equation (8 and 9) 
 
Energy densification ratio =  
HHV of hydrochar




 Energy yield =  mass yield × energy densification ratio  (9) 
 
3.1.4 Energy Utilization 
Energy for the entire HTC process was determine by calculating the input energy, which is the 
energy required by the HTC product, and the output energy, which is the energy produced by the 
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combustion of hydrochar. The input energy (Ewater) was calculated by summing the energy 
needed to heat water (Ewater) and the energy needed to heat the solid phase Esolid. Expressed in 
KWh. The equation is defined as follows: 
Ewater = mwCp(THTC − 25) 
Esolid = ms × HHV 
 Einput = Esolid + Ewater (10) 
 
Where mw and ms are the water and solid mass, respectively; THTC is the HTC reaction 
temperature and 25 OC is room temperature respectively; Cp is the specific heat capacity of water 
(in KJ/Kg OC) and at the reaction temperature. Energy output Eoutput is calculated using 
equation (11) below: 
 Eoutput = mh ∆HC
o (11) 
 
Where mh is the hydrochar mass and ∆HC
o is the heat of combustion expressed by the HHV.  
3.1.5 Efficiency Calculation 
Carbon conversion efficiency 
 
hydrochar carbon efficiency =






syngas carbon efficiency =





Thermal Efficiency   
Thermal efficiency is the ratio between the thermal energy of the hydrochar produced and the 








Where EnergyHC,HHV is the energy content of the hydrochar in terms of HHV and Energyth is 
the overall thermal energy put into the system.  
3.1.6 Models for estimating HHV 
There are several formulas developed to evaluate the Higher heating value of biomass from fuel. 
These estimations are based on proximate and ultimate analysis data. four different methods are 
examined in this report for their prediction capability. A comparison of 4 methods of calculating 
HHV is made with the measured valued in the literature. 
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Dulong proposed that HHV can be calculated from elemental composition. According to 
Dulong’s formula, the heat of combustion of any sample is equal to the heat of combustion of its 





) = 0.336C + 1.418 H + 0.094 S − 0.415 O 
  
(15) 
High heating value of biochar are also calculated based on correlation proposed by Channiwala 





) = 0.3491 × C + 1.1783 × H + 0.1005 × S − 0.1034 × O
− 0.015 × N − 0.0211A 
   
(16) 





) = 0.437C − 1.67 
   
(17) 





) = 0.3515 × C + 1.1617 × H + 0.06276 × N + 0.1046 × S
− 0.1109 × O 
   
(18) 
























Yield(%) CO2 (%) CO (%) H2(%) CH4(%) N2(%) H2S
GAS 
YIELD (%)
0 43.53 6.2 1.23 0 47.49 83.64 14.18 1.55 0.82 1.71 17
190 62.45 5.43 0.97 0 30.86 65.5 34.2 0.29 0.37 1.04 36 1.42 25 51
225 64.2 5.33 0.89 0 29.41 63.93 35.9 0.17 0.34 1.00 36 1.47 26 53
260 66.81 5.03 0.86 0 26.85 61.64 37.91 0.45 0.30 0.90 39 1.49 26 58
feesdstock 47.94 6.66 1.96 0.07 40.9 81.65 15.88 2.47 0.64 1.67 19
190 55.89 7.07 2.85 0 33.39 85.6 13.61 0.78 0.45 1.52 27 1.19 24 32
225 62.1 6.94 2.26 0.07 27.86 78.13 21.1 0.77 0.34 1.34 27 1.33 27 36
260 67.48 7.07 2.43 0.07 22.4 76.18 23.28 0.55 0.25 1.26 27 1.44 29.11 39
feesdstock 44.15 4.44 0.62 0 46.79 83.14 14.86 2 0.79 1.21 16.5
190 53.89 6.18 0.92 0 37.33 77.47 20.85 1.68 0.52 1.38 36 1.25 22 45
225 61.23 6.34 1.04 0 31.37 73.67 26.31 0.02 0.38 1.24 28 1.43 23.5 40
260 64.9 5.79 0.97 0 26.85 68.63 29.88 1.49 0.31 1.07 30 1.57 27.5 47
feesdstock 44.14 6.18 1.27 0 41.91 76.22 17.28 6.5 0.71 1.68 17
190 55.73 5.5 1.62 0 34.55 68.58 28.82 2.6 0.46 1.18 38 1.25 23.5 35
225 61.46 5.16 1.72 0 29.97 62.82 35.48 1.69 0.37 1.01 40 1.4 24.8 56
260 63.91 5.06 1.74 0 24.98 60.63 35.06 4.31 0.29 0.95 45 1.42 25 64
feesdstock 46.66 6 0.21 0 45.34 87.51 11.6 0.8 0.73 1.54
190 48.76 5.96 0.2 0 44.7 83.84 15.66 0.51 0.69 1.47 78 1.08 87
225 49.62 5.92 0.28 0 41.83 81.86 17.46 0.69 0.63 1.43 64 1.22 76
260 65.33 4.95 0.25 0 28.46 66.27 32.72 1.01 0.33 0.91 46 1.54 71
Feedstock 49.3 7 8.4 1.3 34 51.5 8.6 40 0.52 1.70 20.6
60 200 57.6 6.4 4.2 1.1 32.6 39.8 9.3 50.6 0.42 1.33 81.2 1.11 22.8 91.3 2 - 5
120 56.1 6.7 3.8 1 31 37.9 12.2 49.7 0.41 1.43 80 1.12 23 90.1
240 58.1 6.4 4.2 1.1 30.2 37.4 13.9 48.7 0.39 1.32 77.1 1.14 23.4 88.7
360 57.1 6.8 4.5 1 29.6 37.2 14.2 48.4 0.39 1.43 73.6 1.15 23.7 85.4
Feedstock 40 5.4 5.6 0.1 33.5 60.2 15.4 0.52 1.62 16
175 41.6 5.3 3.5 0.8 26.3 69.5 22.5 0.52 1.52 44 1.1 17.6 48.2
200 43.4 5.1 3 0.6 28 59 20 0.5 1.39 41 1.11 17.8 46.3
225 50.2 5.6 3.6 0.6 17.5 60 22.6 0.28 1.32 39 1.36 21.8 54
250 50.4 5.1 4 0.4 16.7 49.1 23.3 0.27 1.2 36 1.33 21.3 47.5
paper 8g feed to 
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8g feed to 
33.5 33.6 63.2 20.01






moisture) 52.5 6 0.2 0 42.3 83.2 13.6 3.2 68.1 - 60.8 24.55
Banana Peel 
(FP) (3.2% 








moisture) 42.8 5 1.8 6.1 37.2 75.5 14.2 10.3 63.2 - 51.7 24.22
Printing paper 
(PP) (6.4% 
moisture) 39.7 5.3 0.2 0.1 54.9 81.2 6 12.8 52.3 - 32.5 21.24
MNS
49.15 5.51 0.59 0.12 42.12 77.68 19.81 2.51 0.64 1.35 18.78
60
220
53.63 5.47 0.76 0.18 37.2 69.62 27.62 2.76 0.52 1.22 63.73 1.21 22.75 77.2
120 220 55.68 5.41 0.68 0.17 34.78 66.81 29.91 3.28 0.47 1.17 56.81 1.28 23.99 72.57
180 220 57.9 5.23 0.63 0.1 32.17 63.56 32.47 3.97 0.42 1.08 52.22 1.31 24.68 68.63
120 180 51.32 5.44 0.69 0.1 39.47 71.58 25.44 2.98 0.58 1.27 72.42 1.15 21.67 83.56
120 260 64.9 4.91 0.98 0.15 24.85 54.98 40.81 4.21 0.29 0.91 46.59 1.39 26.02 64.55
grape seed 54.4 6.6 1.6 34.2 3.2 0.47 1.46 23.58
60 60.24 6.62 1.32 27.84 3.98 0.35 1.32 80.30 1.12 26.46 90.10423
180 60.6 6.5 1.4 27.43 4.07 0.34 1.29 78.70 1.14 26.83 89.53043
480 62.3 6.8 1.4 25.35 4.15 0.31 1.31 77.00 1.19 28.03 91.52485
60 63.4 6.7 1.6 23.96 4.34 0.28 1.27 73.80 1.19 27.94 87.45832
180 63.6 6.4 1.6 23.75 4.65 0.28 1.21 68.90 1.21 28.50 83.27024
480 68.4 6.7 1.9 18.28 4.72 0.20 1.18 67.70 1.20 28.31 81.27158
60 66.5 6.4 1.8 20.54 4.76 0.23 1.15 67.20 1.11 26.16 74.56122
180 69.5 6.6 1.9 16.99 5.01 0.18 1.14 63.90 1.27 29.87 80.93458
480 70.7 6.5 2 15.66 6 0.17 1.10 62.30 1.27 29.88 78.93975
grape marc 49.71 6.15 2.43 35.57 6 0.54 1.48 20
60 56.21 5.88 2.53 31.99 3.38 0.43 1.26 78.00 1.20 24.00 93.6 99.1 0.7 0.16 0.04 2.2
180 56.98 5.64 2.58 30.18 4.62 0.40 1.19 73.00 1.20 24.00 87.6 98.6 1.1 0.29 0.01 3
480 57.23 5.71 2.78 29.67 4.62 0.39 1.20 79.00 1.25 25.00 98.75 98 1.57 0.39 0.04 3.5
60 59.85 5.74 2.59 28 3.83 0.35 1.15 70.00 1.25 25.00 87.5 95.68 3.97 0.31 0.04 4.5
180 62.47 5.43 2.72 25.85 3.53 0.31 1.04 68.00 1.35 27.00 91.8 95.68 3.97 0.32 0.03 6
480 64.1 5.66 2.24 24.02 3.98 0.28 1.06 60.00 1.40 28.00 84 95.68 3.97 0.25 0.1 7
60 64.94 5.8 2.77 22.4 4.09 0.26 1.07 63.00 1.40 28.00 88.2 93.67 5.94 0.32 0.07 7.2
180 65.58 6 2.81 20.35 5.26 0.23 1.10 61.00 1.45 29.00 88.45 94.5 5 0.38 0.12 8.5
480 68.07 5.81 2.56 19.36 4.2 0.21 1.02 59.00 1.50 30.00 88.5 96.4 2.92 0.52 0.16 9
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4 Results and Discussion 
4.1 Composition Analysis 
4.1.1 Carbon Distribution and Efficiency 
The hydrochar carbon content is determined from elemental analysis, in all sample surveyed the 
carbon content in hydrochar increases with increasing hydrothermal severity i.e. reaction 
temperature and time. The carbon recovered in hydrochar ranges between (50-70.7%).  
Approximately 60 % to 70 % of carbon input of GM and GS is found in hydrochar, the syngas 
carbon content is between 0.6% and 2.48% and the remaining in liquid. 56-65% of carbon input 
of PL CCL team is found in hydrochar. PL hydrochar carbon content in hydrochar from literature 
is between 41.6 % and 50.4%. The difference in the carbon conversion of PL in the literature and 
that of CCL team might be due to the reported high protein presence in the literature feedstock 
and protein degrade in sub-critical water but do not participate in hydrochar formation (I.C. 
Kantarli et al., 2016). It also might to be due to incomplete decomposition during the process. 
RA carbon content increases from 62.45% to 66.81% when carbonization reaction temperature 
was increased from 190 OC to 260 OC.  
The carbon conversion efficiency for RA, ACP, AJP, GP increases with increasing carbonization 
time while, efficiency of GM, GS, SS, MIS, MNS and PL decrease with increase in time and 
temperature. The increase in carbon efficiency is due to their high sugar content.  
The carbon conversion efficiency of poultry liter to hydrochar by the CCL team is 87%, 75% and 
83% at 290.56 ℃, 297.22℃ and 276.67℃ respectively, the syngas carbon conversion efficiency 
is 35.1%, 44.2% and 38.2% at 290.56 ℃, 297.22℃ and 276.67℃ respectively. 
Hydrochar carbon conversion efficiency from feedstock to hydrochar were in this order, with 
ACP being the least carbon enriched: SS>GS>GM>Poultry manure CCL 
team>MNS>MIS>GP>RA>AJP> ACP with percentage of 94.87-85%, 88.9-80.9%, 88.1-80.8%, 






Figure 4. 1: Hydrochar carbon conversion efficiency. 
 
4.1.2 Oxygen Distribution 
Oxygen content ranges between (about 17- 50 %) for all sample. Oxygen content decreases with 
reaction severity. Oxygen content in poultry manure CCL team decreased by 15% and 20% at 
276.67 OC and 290.56 OC respectively, and increased by 4.1% at the highest reaction temperature 
of 297.22 OC 
Comparing the oxygen content in all feedstock sample evaluated; 
GS>PL>GM>ACP>RA>AJP>MNS>GP>MIS>SS>poultry manure CCL team in decreasing 
order. The percentage decrease of GS, PL, GM, ACP, RA, AJP, MNS, GP, MIS and SS 
feedstock to the highest HTC temperature are 54%, 50%, 45.6%, 45%, 43%, 42%, 41%, 40%, 
37% and 11% respectively. 
It is important for the oxygen content to be low because fuel like Gasoline and diesel have low 
oxygen content. High oxygen content in fuel limit fuel performance i.e. it causes oxidation of the 
biofuel when stored for an extended period of time in the presence of air or metals and the 
species formed from oxidation damage the fuel quality. 
4.1.3 Hydrogen Content 
RA, GP, MIS, MNS, SS, PL, GM, and GS hydrogen content decreases with increase in 








































































































































































































































ACP and AJP hydrogen content increase by 6% and 30% respectively. CCL team only produced 
a trace amount of hydrogen which was not indicated in their report.  
4.1.4 Nitrogen Content 
Nitrogen content decreases with operating temperature and residence time, which means that 
nitrogen is retained in the char at higher temperature in RA, SS and PL.  It increases in ACP, 
AJP, GP, MIS, MNS and GS. Feedstock have higher nitrogen content compared to hydrochar 
produced in RA, SS and PL. Hydrochar nitrogen content is higher in ACP, AJP, GP, MIS, MNS 
and GS. Hydrochar produced by lignocellulose biomass have lower nitrogen content compared 
to SS and PL. SS nitrogen content is 3-4.5%. Nitrogen content of hydrochar formed from poultry 
litter is 3-4%, it is similar to that of SS due to the protein present in both sewage sludge and 
poultry liter. 
Decrease in nitrogen content at elevated temperature is due to the conversion of volatile nitrogen 
content to gas or liquid. 
4.1.5 Sulfur Content 
SS hydrochar contains sulfur (about 1.1%) which is lower than the sulfur present in its feedstock 
(feedstock sulfur content is 1.3%). Sulfur content in hydrochar from poultry litter ranges between 
(0.4-0.8%), it is higher than sulfur content present in its feedstock before carbonization. Of all 
fruit wastes considered, RA, AJP, GP, MIS contains no sulfur content except for ACP with 
0.07% sulfur content. The presence of sulfur in SS and PL can be attributed to the protein 
presence or other impurities in their feedstock. 
4.1.6 Ash Content.  
SS hydrochar is high in ash content (up to 50%). ACP ash content decreased with increasing 
temperature. At 225 OC RA, AJP and GP ash content decreased, at 260 OC all the three samples 
ash content increased, which may be due to porosity of hydrochar which begins after 230 OC or 
reduction in the solubility of inorganics and precipitation (Zhang et el., 2018). The process 
optimum temperature to maintain minimum ash production for RA, AJP, ACP and GP is 225 OC. 
At higher temperature (260 OC) ash increases in all fruit waste due to increase in porosity of the 
hydrochar. 
4.1.7 Volatile Matter Content 
High volatile matter in hydrochar is an important characteristic in gasification and combustion 
process, however, it can lead to low combustion efficiency and emission when used in direct 
combustion. All the Lignocellulose hydrochar observed possess high volatile matter (60-86%).  
VM content of RA, AJP, ACP and GP decrease with increasing temperature. At the 260 OC RA, 
AJP and GP shows 20% decrease in VM content. Reduction in volatile matter in the solid phase 
leads to in the yield of the gas phase. 
4.1.8 Fixed Carbon 
30 
 
Fixed carbon increases with increasing carbonization time and temperature. Fixed carbon of all 
sample observed ranges between (8.6-43%). 
Fixed carbon of all fruit waste increases with increasing temperature. At the final of the 
carbonization process (260 OC), RA, AJP and GP shows 20% increase in FC content. 
4.2 H/C and O/C Atomic Ratio 
H/C and O/C atomic Ratio is illustrated using Van Krevelen diagram. The extent of 
carbonization is visualized by Van Krevelen diagram (coalification diagram). Figure 4.2 and 4.3 
shows the coalification diagram of all feedstock obtained from HTC process; it shows the 
alteration of biomass composition. The elemental analysis shows that carbon content of the 
hydrochar increases with increasing temperature and residence time while oxygen content 
decreases. This corresponds to the O/C and H/C ratio of all feedstock decreasing with increasing 
temperature. These decrease in ratio of H/C and O/C ratio is due to dehydration (reduction of 
hydroxyl group), decarboxylation (elimination of carboxyl group) and decarbonylation 
(degradation of carbonyl group). Dehydration leads to reduction of H/C and O/C ratio. Lower 
H/C and O/C atomic ratio results in lower emission, lower moisture content and lower energy 
loss during combustion process. Higher H/C indicate hydrochar aromatic content is lower. 
Removal of hydroxyl group is the most prevalent reaction. Degradation of carboxyl group lead to 
the formation of high percentage of CO2 and CO in the gas phase of HTC process. According to 
Chen et al., 2007; degradation of carbonyl and carboxyl group and formation of CO and CO2 
respectively start around 150OC. 
The biomass feedstock all has the highest H/C versus O/C ratio due to its lower carbon content in 
biomass compared to HTC product. The H/C ratio ranges btw 1.2 – 1.72 and the O/C ratio ranges 
between 0.5 and 0.83. As temperature increase O/C and H/C atomic ratio decreases along the path, 
suggesting that during hydrothermal carbonization process, decarboxylation occur with the 
emission of carbon dioxide, dehydration of hydroxyl group and decarbonylation of carboxyl group 
resulting in the emission of CO in the gas phase. Demethanization also occurs as the H/C ratio 
decreases with temperature increase along the path as evidence by the methane production and the 
change in the atomic ratio. The decrease in hydroxyl and carboxyl group increases the 
hydrophobicity of the hydrochar resulting in increase in high heating value. 
As illustrated H/C ratio and O/C ratio of biochar produced in the temperature range between 175 
and 250 OC had H/C ratio of 1.71 - 1.2 and O/C ratio of 0.82-0.27. It decreases with increasing 
temperature. The hydrochar resulting from carbonization of biomass are similar to that of low 
grades of coal. The position of the biochar of poultry waste obtained at low temperature (175-200 
OC) were in the range of peat based on the data reported in literature. The position of biochar 
obtained at higher temperature (225 and 250 OC) were in the range of lignite.  
Increasing temperature O/C and H/C atomic ratio of all fruit waste decrease as temperature 
increases, which makes the hydrochar produced by fruit waste possess similar characteristics as 
peat or lignin because they are within the range of peat and lignin.  
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Comparing the decomposition of RA, ACP, AJP, GP, MIS, SS, PL, ACS, BP, RBC, ML, PP, 
MNS, GS and GM, RA biomass has the highest O/C and H/C ratio followed by GP due to their 
highest sugar ratio. As temperature as time increases RA and GP still has the highest O/C and 
H/C ratio because they are high in cellulose and cellulose decomposition takes time. The position 
of MNS, GS, ACP, GM, AJP, PL, MIS, can be related to lignin content.  Dehydration of 
cellulose first occur followed by decarboxylation as seen by the trend of the plot. At higher 
temperature and longer residence time, decarboxylation is slow. The O/C and H/C ratio reduced 
due to loss of hydrogen and oxygen resulting in an increase in aromaticity. Lower H/C and O/C 
ratio is observed as temperature increases in all sample. It can be seen from figure 4.2 and 4.3 
that the carbon content of the hydrochar is significantly increased for all the biomass samples by 
the decay on the plot. Increasing the residence time resulted in a carbon enriched hydrochar 
being produced. HTC of GS and GM at 180 OC is in the region of peat, at 220 OC, they are in the 
region of lignite. While the HTC of GM and GS performed at 250 OC and residence time of 
480min are in the region of coal. 
The HTC process can be seen to have lowered the atomic ratio from biomass area to lignite/peat 
area thus, making the hydrochar produced from HTC exhibit similar characteristic of coal. 
Based on the data presented its evidenced that decarboxylation is the most predominant conversion 
process as O/C atomic ratio decreases from 0.82 to 0.27 at the end of the process. H/C atomic ratio 
only decreases from 1.71 to 1.2, thus temperature has more effect on O/C ratio than that of H/C 
ratio. 
The plots in this chapter are generated from data of the literature survey from the HTC of Raw 
Apple (RA), Apple chip pomace (ACP), apple juice pomace (AJP), grape pomace (GP),  
macadamia nut-shell (MNS), Sewage Sludge (SS), Poultry Litter (PL), Grape Marc (GM), by 
Zhang et al., P. Saetea& N. Tippayawong, I.C. Kantarli et al., Fan F. et al, N.D. Berge et al., H. E. 





Figure 4.2: H/C against O/C atomic ratio at constant temperature. Raw Apple (RA), Apple juice 
pomace (AJP), Apple chip pomace (ACP), Grape pomace (GP), Miscanthus (MIS), Macadamia 
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Figure 4.3: H/C against O/C atomic ratio at constant time. Raw Apple (RA), Apple juice pomace 
(AJP), Apple chip pomace (ACP), Grape pomace (GP), Miscanthus (MIS), Macadamia nutshell 
(MNS), Grape seed (GS), sewage sludge (SS). 
 
4.3 Mass Yield 
The mass yield is based on the assumption that total mass into the system equals total mass out 
of the system. Hydrochar yield is the ratio of mass of hydrochar recovered to mass of dry initial 
feedstock. The figures show that the hydrochar yield is dependent on residence time and 
temperature.  The recovery rate of solid is very high compare to gas and liquid. The total mass 
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Figure 4. 4: Mass Balance on Grape marc (GM) 
The mass yield of SS at 200 OC and residence time 60, 120, 240, and 480min are 81.2%, 80%, 
77.1% and 73.6% respectively. PL yielded 48.2%, 46.3%, 54% and 47.5% at temperature of 175, 
200, 225 and 250 OC respectively. MNS yielded 72.42 % and 46.59% at 180 and 260 OC 
respectively. GS yield 80.3% at 180 OC and decreases to 62.3% at 250 OC. GM decreases with 
increasing temperature and time from 78% at 180 OC and residence time of 60min to 59% at 250 
OC after 480min. The low yield at higher severity is due to enhanced decomposition and/or 
secondary decomposition of char leading to the formation of gas and liquid phase (I.C. kantarli et 
al., 2016). Similar trend was observed in (H.E. Putra et al., 2018), when HTC was performed on 
Albizia chinensis sawdust (ACS), Banana Peel (FP), Rice with chicken bone (RBC), Mangifera 
indica leaves (ML) and Printing paper (PP) at temperature of 190 to 230 OC and residence of 30 
and 60 min which yielded 68.1 - 60.8%, 64.2 - 57.8%, 62.4 - 41.3%, 63.2 - 51.7% and 52.3 - 
32.5% of hydrochar respectively. Also, the hydrochar yield for HTC of paper, Food waste, 
Mixed municipal Waste (MSW) and AD waste at 250 OC and residence time of 20hr reported by 
N.D. Berge et al. (2011) are 52.5%, 53.4%, 33.6% and 34.5% respectively.  
The mass yield of RA and GP increases with increasing temperature and their highest mass yield 
is observed at 260 OC this is due to the fact that glucose decomposition starts at 200 OC and, RA 
and GP have the highest sugar content. The mass yield of ACP was constant when the 
temperature was increased from 190 to 260 OC. AJP mass yield first decreased when the 
temperature was raised from 190 to 225 OC, then increases when raised to 260 OC. 
Miscanthus is high in lignocellulose (i.e. high fibers to sugar ratio), the mass yield is highest at 
190 OC and it decreases with increasing temperature from 78% to 46% at 260 OC. This indicate 
that most of the fiber present has decompose into volatile matter and non-sugar compounds. 
The composition of yield of solid, liquid and gas for different feedstock and at varying process 
condition is summarized in table 4.1 below: 
Table 4. 1: The composition of mass yield of solid, liquid and gas for different feedstock 



























MIS 71-87 Kambo H.S. (2014)
SS 85.4-91.3
P. Saetea & N. 
Tippayawong (2013)
PL 36-44 2.0  - 5 I.C. Kantarli et al. (2016)
ACS 68.1 - 60.8
BP 64.2 - 57.8
RBC 62.4 - 41.3
ML 63.2 - 51.7
PP 52.3 - 32.5
MNS 46.59 - 72.2 Fan F. et al. (2018
GS 62.3-80.3 Luca et al. (2014)
GM 59 - 78 2.2- 9 17.5 - 33* Basso et al. 2016
PL- CCL 11.31 - 14.23 10.74-10.77 CCL Team
Zhang et al. (2018)
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Figure 4.6: H/C atomic ratio Vs Hydrochar yield  
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Figure 4.8: O/C atomic ratio Vs Hydrochar yield  
 
Fig. 4.5, 4.6, 4.7 & 4.8, shows the hydrochar yield against H/C and O/C atomic ratio plotted at a 
constant temperature and time. O/C and H/C atomic ratio decreases with increasing temperature. 
Increasing temperature leads to dehydration and decarboxylation, i.e. decrease in oxygen and 
hydrogen content. A lower O/C atomic ratio consequently leads to decrease in char yield. As 
char yield decreases at higher temperature, gas yield increases. 
The yield of hydrochar ranges from 72.42 - 80.3% at 180OC, 41-81.2% at 200OC, 52.22-63.73% 
at 220OC, 27 – 64% at 225OC and 27 – 46.59% at 260OC. Similar trend was obtained from CCL 
data of GIPO process as temperature was increased from 290.56 OC to 297.22OC the mass yield 
of hydrochar decreases from 14.23% to 11.31%. When the time was increased from 10 minutes 
to 30min the hydrochar yield was reduced from 14.23% to 13. 24%. The temperature appears to 
have stronger effect on mass yield than the time. Higher mass yield decrease was observed when 
temperature was increased compared to when time was increased. When temperature of reaction 
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temperature increases hemicellulose and cellulose decomposition which leads to decrease in char 
yield. Carbonization of lignocellulose material results in decomposition of hemicellulose which 
begins at about 180OC, while degradation of cellulose and lignin starts at a much higher 
temperature of about 200OC (Funke and Ziegler, 2010). 
As temperature increases and carbon content increases while volatile matter decreases, H/C 
atomic ratio decreases due to dehydration of the moisture content and bond stretching. The 
increase in carbon content and decrease in volatile matter leads to a decrease in hydrochar yield 
and an increase in the phase gas. 
From the plot, for all fruit wastes considered hydrochar mass yield of RA and GP increases with 
increasing time due to their high sugar content, this same trend was observed in HTC of glucose. 
The increase in hydrochar as temperature increases is attributed to the high sugar content in the 
feedstock. Non-fibrous carbohydrate degrades faster than the fibrous ones, hence biomass with 
cellulose and hemicellulose decompose faster than biomass with high lignin content. The mass 
yield of ACP kept steady as temperature varies; for AJP the mass yield decreases at 225 OC and 
increase at 260OC. This trend is in contrast with all other literature considered in this report. This 
is a clear indication that not only temperature and residence time effect yield of hydrochar during 
HTC but also feedstock concentration significantly affects the yield of char. The decrease in mass 
yield as temperature increases is due to hydrolysis and decomposition of hemicellulose, cellulose 
and a portion of lignin (Kim D et al., 2017). 
For all samples investigated except for the fruit waste with high sugar content, as temperature and 
residence time increases, carbon content, high heating value, energy densification, energy yield 
and fixed carbon increases, while volatile matter, oxygen content and hydrochar yield decreases. 
This decrease in char yield, as temperature increases is similar to that reported by CCL team on 
poultry liter.   
 
4.4 Energy Balance 
 
Figure 4.9: Energy Balance on Grape marc. 














The balance of the process is based on the assumption that the only energy required was that 
which was used to heat the reactor to the reaction temperature and completion of the process. 
The detailed energy balance is presented in table 4.2 below. 
Table 4. 2: Energy Balance 
 
The result indicates that the total amount of energy input into the reactor increases as the quantity 
of feedstock increases. Grape marc with 5.4 ± 0.1g biomass/27 ± 0.1g water ratio requires the 
least total energy input of 125 -133KJ (0.3KWh). These energy input required increases with 
increasing carbonization temperature. This is followed by MNS with biomass to water input of 
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grape marc feed 20.00
60 24.00 78.00 0.0042 17.51 108.00 125.51 0.03 101.09 0.03 0.81 80.54
180 24.00 73.00 0.0039 17.51 108.00 125.51 0.03 94.61 0.03 0.75 75.38
480 25.00 67.00 0.0036 17.51 108.00 125.51 0.03 90.45 0.03 0.72 72.07
60 25.00 70.00 0.0038 22.02 108.00 130.02 0.04 94.50 0.03 0.73 72.68
180 27.00 68.00 0.0037 25.41 108.00 133.41 0.04 99.14 0.03 0.74 74.31
480 28.00 60.00 0.0032 25.41 108.00 133.41 0.04 90.72 0.03 0.68 68.00
60 28.00 63.00 0.0034 25.41 108.00 133.41 0.04 95.26 0.03 0.71 71.40
180 29.00 61.00 0.0033 25.41 108.00 133.41 0.04 95.53 0.03 0.72 71.60
480 30.00 59.00 0.0032 25.41 108.00 133.41 0.04 95.58 0.03 0.72 71.64
0 17.00
190 25.00 36.00 0.0360 69.02 1700.00 1769.02 0.49 900.00 0.25 0.51 50.88
225 26.00 36.00 0.0360 83.66 1700.00 1783.66 0.50 936.00 0.26 0.52 52.48
260 26.00 39.00 0.0390 98.30 1700.00 1798.30 0.50 1014.00 0.28 0.56 56.39
feesdstock 19.00
190 24.00 27.00 0.0270 69.02 1900.00 1969.02 0.55 648.00 0.18 0.33 32.91
225 27.00 27.00 0.0270 83.66 1900.00 1983.66 0.55 729.00 0.20 0.37 36.75
260 29.11 27.00 0.0270 98.30 1900.00 1998.30 0.56 785.97 0.22 0.39 39.33
feesdstock 16.50
190 22.00 36.00 0.0360 69.02 1650.00 1719.02 0.48 792.00 0.22 0.46 46.07
225 23.50 28.00 0.0280 83.66 1650.00 1733.66 0.48 658.00 0.18 0.38 37.95
260 27.50 30.00 0.0300 98.30 1650.00 1748.30 0.49 825.00 0.23 0.47 47.19
feesdstock 17.00
190 23.50 38.00 0.0380 69.02 1700.00 1769.02 0.49 893.00 0.25 0.50 50.48
225 24.80 40.00 0.0400 83.66 1700.00 1783.66 0.50 992.00 0.28 0.56 55.62
260 25.00 45.00 0.0450 98.30 1700.00 1798.30 0.50 1125.00 0.31 0.63 62.56
Feedstock 20.60
60 200 22.80 81.20 0.0812 73.20 2060.00 2133.20 0.59 1851.36 0.51 0.87 86.79
120 23.00 80.00 0.0800 73.20 2060.00 2133.20 0.59 1840.00 0.51 0.86 86.26
240 23.40 77.10 0.0771 73.20 2060.00 2133.20 0.59 1804.14 0.50 0.85 84.57
360 23.70
73.60
0.0736 73.20 2060.00 2133.20 0.59 1744.32 0.48 0.82 81.77
MNS 18.78
60 220 22.75 63.73 0.0319 40.78 939.00 979.78 0.27 724.93 0.20 0.74 73.99
120 220 23.99 56.81 0.0284 40.78 939.00 979.78 0.27 681.44 0.19 0.70 69.55
180 220 24.68 52.22 0.0261 40.78 939.00 979.78 0.27 644.39 0.18 0.66 65.77
120 180 21.67 72.42 0.0362 32.42 939.00 971.42 0.27 784.67 0.22 0.81 80.78
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with 100g feedstock to 1200ml water requires total energy input of 1719-1748.30KJ (0.48-
0.49KWh), 1769.02-1798.30KJ (0.49-0.5KWh), 1769.02-1798.30KJ (0.49-0.5KWh) and 
1969.02-1998.30KJ (0.55-0.56KWh) respectively. The variation in the total energy input despite 
having similar input ratio is due to their difference in energy required to heat the biomass. 
Energy required to heat the biomass is a function of HHV and HHV of each biomass varies, 
except for RA and GP with similar HHV of 17KJ/kg. Sewage sludge with the highest ratio of 
solid to water (100g sludge in 300ml water) requires the most total energy input of 2133.20KJ 
(0.59KWh) and HHV of 20.60MJ/kg. 
The energy in hydrochar generated by GM is 101.09KJ (0.03KWh) at 180 oC when the HHV 
increases from 20MJ/kg to 24MJ/kg, this energy decreases to 95.26 at 250 oC when the HHV 
increased to 28 MJ/Kg but the mass yield decreases 37%. Sewage sludge has the highest char 
energy output of 1851.36KJ (0.51KWh) at 200 oC. 
4.4.1 Energy Yield 
Energy yield is the measure of the fraction of the feedstock energy retained within char based on 
dry basis. It is calculated as a function of hydrochar mass yield and energy densification ratio. 
Increase in temperature leads to a more energy-dense char. Energy yield decreases with 
increasing temperature and time. Increasing carbonization temperature leads a decrease in 
volatile matter and oxygen content while fixed carbon and high heating value increases. As 
temperature increases at constant time, energy yield decreases.  H/C and O/C atomic ratio 
decreases with increasing temperature. Energy yield is dependent of mass yield of char. As mass 
yield of char decreases due to elimination of the moisture content in the structure and 
decomposition of hemicellulose and some of the cellulose and lignin, energy yield also 
decreases. Energy yield of MIS decreases with increasing temperature. Sewage sludge (P. Saetea 
& N. Tippayawong, 2013) energy yield also decreases with increasing time. Poultry sludge 
energy yield first decreases, further increases in temperature to 225oC increases the yield, then 
decreases at 250OC temperature.  
Figures 4.10 to 4.16 show energy yield against H/C atomic ratio, O/C atomic ratio and hydrochar 
mass yield respectively at constant temperature and time, the highest energy yield of each 
biomass studied indicate the optimum reaction temperature of hydrothermal carbonization 
process.  
For all fruit wastes considered, RA has maximum energy yield of 58% at 260OC and residence 
time of 15min; ACP maximum energy yield is 39% at 260 OC and residence time of 15min; AJP 
has maximum energy yield of 47% at 260 OC and residence time of 15min; GP has maximum 
energy yield of 64% at 260 OC. When miscanthus was carbonized, fixed carbon increases from 
14.86% to 32.72% at 260 OC. Miscanthus has maximum energy yield of 87% at 190 OC; sewage 
sludge maximum energy yield of 91.3% at temperature of 200 OC and residence time of 60min. 
When Poultry liter was used, the optimum reaction temperature maintained for the maximum 
energy yield of 54% was 225 OC and residence time of 30min. When MNS was used, it had the 
optimum temperature for the maximum yield of 83.56%. When grape seed was carbonized, the 
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optimum reaction temperature maintained for the maximum energy yield of 91.5% was at 180OC 
and reaction time of 60min.  
Lastly, grape marc carbonization is similar to grape seed. However, the maximum energy yield 
here is 90% at 180 OC and residence time of 60 minutes. When poultry manure was carbonized 
for CCL team, the optimum reaction temperature maintained for maximum energy recovery of 
58.6% was 290.56 OC and residence time of 10 minutes.  
 As char yield decreases, energy yield also decreases. Mass yield and energy yield decrease with 
increasing temperature. Energy yield of HTC of poultry liter biochar at 30 minutes increases by 
increasing temperature from 200 to 225 OC (46.3-54%), then decreases above 225 OC to 47.5% 
due to decrease in mass yield. Energy yield ranges from 32-93.6%; highest being grape marc at 
180 OC and residence time of 60 minutes. While the heating value increases, energy yield of 
HTC of poultry litter at 30min increases by increasing temperature from 200 OC to 225 OC (46.3-
54%), then decreases above 225 OC to 47.5% due to decrease in mass yield. 
Grape marc has maximum energy yield of hydrochar of 93.6% at temperature of 180 OC and 
residence time of 60 minutes.  These results suggest that the optimum temperature to produce 
energy-rich fuel is at 180 OC and residence time of 60 minutes. 
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Figure 4.13: O/C atomic ratio Vs Energy yield  
 
 




























Hydrochar yield (%) Vs Energy yield 































Hydrochar yield (wt.%) Vs Energy yield 




Figure 4.16 : Hydrochar Mass Yield (wt.%) Vs Energy yield (wt.%)  
Energy yield of Poultry litter from CCL team decreases with increasing temperature. Hydrochar 
yield also decreases as temperature increases. This trend is similar to that observed in literature. 
This means that as hydrochar yield decreases the fraction of the feedstock energy retained within 
char also decreases.  
 
4.4.2 Energy Densification 
Biochar is mainly produced with the aim of densifying the energy in the feedstock. High 
temperature leads to reduction in hydrochar yield and energy densification increases. 
Decarboxylation of biomass decreases oxygen content of the solid yield, thereby increasing 
energy densification. Energy densification is a function of calorific value of the hydrochar (high 
heating value) which increases with temperature.  
From figure 4.17 and 4.18, at 30 minutes, energy densification of poultry litter carbonization 
increases from 1.11 to 1.36 when the temperature increases from 200 to 225 OC but decreases at 
250 OC to 1.33. Energy densification of MNS shows 20.87% increase from 180 OC to 260 OC 
due to the loss of oxygen and hydrogen content. MNS energy densification increased with 
temperature from 1.15 at temperature of 180 OC and residence time of 120 minutes to 1.39 at 
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Figure 4.19: Hydrochar Mass Yield (wt.%) Vs Energy densification ratio 
As shown in figure 4.19, as temperature increases, energy densification increases and mass yield 
decreases. Upon increasing temperature from 290.56 OC to 297.22OC, hydrochar yield decreases, 
heating value increases, energy yield decreases, energy densification increases. Upon increasing 
the residence time from 10 minutes to 30 minutes at 276.67 OC, hydrochar yield decreases, 
energy densification and energy yield decreases. This survey prove that HTC of feedstock 
densify energy in hydrochar produced. 
4.5 Thermal Efficiency 
The thermal efficiency of HTC decreases with reaction severity therefore, more energy is being 
conserved in the hydrochar as the reaction temperature and time increase. Thermal efficiency of 
sewage sludge is between 86.79% to 81.77 %. GM thermal efficiency is 80.54-71.64%. MNS 
efficiency is between 81-61%. Contrary to the trend observe in GM, MNS and SS; RA, AJP, 
ACP and GP increase with increasing carbonization temperature. The thermal efficiency of GM, 
MNS and SS is higher than that of RA, AJP, ACP and GP. This difference might be due to 
different biomass moisture which resulted in different HHV or difference in the ratio of 
feedstock which resulted in different mass yield.  
Thermal efficiency of syngas produced from GM is low (as shown in the appendix) compared to 
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Figure 4. 20 Thermal Efficiency  
4.6 Higher Heating Value 
Due to hydrolysis, dehydration and decarboxylation during carbonization process, biomass 
properties are enhanced by reducing hydrogen and oxygen content of the product, thereby 
increasing the high heating value. Heating value increases with increasing hydrothermal severity. 
For hydrochar to be used for energy purpose, HTC should be done at the most severe condition 
i.e. highest HTC temperature and longer residence time which will result in the production of 
hydrochar with HVV and LHV, however the hydrochar yield will be low at this condition. The 
higher the heating value the better the quality of the fuel. 
The heating value of hydrochar produced from raw apple is 25MJ/Kg at 190 OC and 26 MJ/kg at 
260 OC. Apple chip pomace heating value is 24MJ/Kg at 190 OC and 29.11 MJ/kg at 260 OC. 
Grape pomace heating value is 23.5MJ/Kg at 190 OC and 25MJ/kg at 260 OC. Apple juice 
pomace heating value is 22MJ/Kg at 190 OC and 27.5 MJ/kg at 260 OC. Sewage sludge heating 
value at 200 OC is 22.8MJ/Kg, 23MJ/kg, 23.4MJ/kg and 23.7MJ/kg at  1hr, 2hrs, 4hrs and 6hrs 
respectively. When grape seed was carbonized, heating value increases from 25, 28 and 30 
MJ/Kg at 180, 220, 250 OC respectively. Carbonization of poultry litter results in heating value 
ranging from 17.6MJ/kg, 17.8MJ/kg, 21.8 and 21.3MJ/Kg at 175, 200, 225 and 250 OC 
respectively. High heating value of poultry litter from CCL team are 14.1MJ/kg, 17.6MJ/kg and 















































































































































































































































































Figure 4. 21: Higher Heating Value of all Feedstock varying with Temperature and Time 
Comparing heating value of the literature to that obtained by CCL team, high heating value 
obtained by CCL team is low and grape seed and grape marc have the highest HHV. These 
results suggest that hydrothermal treatment of grape seed and grape marc (a lignocellulose 
biomass) with the highest heating value is more effective at producing an upgraded solid fuel. 
HHV models Analysis from Dulong, Channiwala and Parikh, Tillman and Boie is calculated in 









































































































































































































































































Table 4.3 HHV prediction models  
 
From the table 4.3 above, the error is defined as calculated minus measured value. All formulas 
predicted the correct heating value to within 15% error (2.15MJ/Kg). the formula proposed by 
Dulong predicted a higher heating value for ACP, GP, SS, PL, BP and GM whereas it proposed 
lower heating value for (RA, AJP, MNS and GS). 
 
Figure 4.22: Error of Calculated HHV 
The formula by Channiwala and Parikh overpredicted higher heating value for RA, ACP. GP, SS, 
PL, BP, MNS, and GM and underpredicted lower heating value for AJP and GS as shown in Figure 
4.22. The formula proposed by Tillman overpredicted higher heating value for RA, ACP, AJP GP, 
BP, MNS, and GM and underpredicted value for SS, PL and GS. The formula proposed by Boie 
Dulong
Channiwala 
and Parikh Tillman Boie Dulong
Channiwala 















calculated Error Error Error Error
RA 17 16.53 17.54 17.35 17.31 -0.47 0.54 0.35 0.31
ACP 19 19.63 20.28 19.28 20.18 0.63 1.28 0.28 1.18
AJP 16.5 14.35 15.75 17.62 15.53 -2.15 -0.75 1.12 -0.97
GP 17 17.52 18.20 17.62 18.13 0.52 1.20 0.62 1.13
P. Saetea & N. 
Tippayawong 
(2013) SS 20.6 21.68 21.10 19.87 22.35 1.08 0.50 -0.73 1.75
I.C. Kantarli et al. 
(2016) PL 16 16.25 16.46 15.81 16.98 0.25 0.46 -0.19 0.98
H. E. Putra et al. 
(2018) BP 20.09 21.07 21.33 20.18 21.43 0.98 1.24 0.09 1.34
Fan F. et al. (2018) MNS 18.78 18.23 19.25 19.81 19.06 -0.55 0.47 1.03 0.28
Luca et al. (2014) GS 23.58 22.68 23.14 22.10 23.10 -0.90 -0.44 -1.48 -0.48
Basso et al. 2016 GM 20 20.27 20.76 20.05 20.83 0.27 0.76 0.05 0.83






















overpredicted higher heating value for RA, ACP, GP, SS, PL, BP, MNS, and GM and 
underpredicted values for SS, PL and GS.  All the formula predicted values which are evenly 
distributed around the observed value on the average basis.  
In the case of raw apple RA, Boie gave the closest prediction followed by Tillman and Channiwala 
while Dulong underpredicted the value. For ACP, Tillman gave the closest prediction followed by 
Dulong, then Boie and Channiwala. For AJP, Tillman overpredicted by 6.3% while the rest 
underpredicted the value. For GP, Dulong gave the closest prediction followed by Tillman, then 
Boie and Channiwala.  
In general, Tillman and Dulong gave the closest prediction of the value. The errors experienced in 
the calculated value of HHV proposed by Dulong, Boie and Channiwala may be due to the 
coefficient oxygen content in the formula, or the oxygen content in the biomass sample. Since the 
formula for predicting higher heating value involves ultimate and proximate analysis percentage 
of C, H, O, S, N and Ash, and all other components except oxygen is determined by laboratory 
test measurement. Oxygen content calculation is dependent on all other components i.e. it is 
defined from the missing mass which add up to 100. Therefore, it is expected for the calculated 
value to be prone to error due to errors that might occur from other measurements. In conclusion, 
any of the models can be used to predict the HHV because they all predicted close to the measured 
value. 
4.7 Gas product Analysis 
Syngas production increase with increasing temperature and residence time. The gas produced 
by HTC contains high amount of CO2, small amount of CO, H2 and CH4. Hydrolysis of 
biomass at high temperature lead to dehydration, decarboxylation and condensation.   
Decarboxylation is the most prevalent process in HTC (i.e. degradation of carboxyl group in the 
solid phase) as evidence by the formation of high percentage of CO2 and CO in the gas phase. 
The syngas carbon content in Grape Marc is between 0.6% and 2.48%. The carbon conversion 
efficiency of poultry liter to syngas by the CCL team are 35.1%, 44.2% and 38.2% at 290.56 ℃, 
297.22℃ and 276.67℃ respectively. 
From figure 4.23 to 4.28, it was observed that at low residence time and mild temperature (180OC), 
decarboxylation is favored. At low reaction time and high temperature, decarbonylation is favored. 
Decrease of CO2 at increasing residence time and at a mild temperature (180OC) indicates a 
reduction process taking place at the aqueous phase. At 220OC, no significant changes occur when 
the residence time was altered. At a more severe temperature (250OC) CO yield decreases with 
increasing time consequently favors the production of H2 and CO2, Luca et al., 2017, refer to this 
as an effect of water gas shift. Similar result was obtained by Zheng et al. 2017, when HTC was 
performed on wood sawdust at a residence time of 60 minutes and temperature of 250 OC. As 
temperature was increased from 250 to 300OC, the hydrochar yield decreases. This decrease favors 
the yield of gaseous phase as the composition of CO2 increases from 94.85 - 99.85%. The gas 
production trend is in agreement with the data generated by the CCL team at a residence time of 
10 minutes, increasing the reaction temperature from 290.56OC to 297.22OC causes a decrease in 
CO yield in the gas phase and an increase in CO2 yield. When the reaction time was increased 
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from 10 minutes to 30 minutes, the effect was not as strong as that of temperature increase. Gas 
produced when the temperature was increased at constant time is more than gas produced when 
the residence time was increased at constant temperature. 
 
 
Figure 4.23: Gas composition at 60 minutes 
 
 


















HTC gas phase at 60min

















HTC gas phase at 120min




Figure 4.25: Gas composition at 480 minutes 
 


















HTC gas phase at 480min

















HTC gas phase at 180 ℃




Figure 4.27: Gas Composition at 220 OC 
 
 


















HTC gas phase at 220 ℃

















HTC gas phase at 250 ℃




Figure 4.29: Gas Composition for CCL team data 
From figure 4.29, gas production rate at 290.56 OC is 10.74%. Composition of the gas are 
94.71%, 4.79%,0.39%, 0.07%, 0.03% and 0.01%, for CO2, CO, H2, CH4, C2H4, C2H6 
respectively. On increasing temperature from 290.56 OC to 297.22OC, hydrochar yield decreases, 
heating value increases, energy yield decreases, energy densification increases. Gas yield 
remains the same, but the composition of CO2 increases while CO, H2, CH4 and other trace 
element decreases. On increasing the residence time from 10 minutes to 30 minutes at 276.67 
OC, hydrochar yield decreases, energy densification and energy yield decreases, gas production 
rate increases to 11.77%, composition of CO2 is lesser, CO, H2, CH4 and other trace elements 
increases. This phenomenon is referred to as low temperature water-gas shift.  This is in 
agreement with Basso et al., 2016; At 250OC, CO yield decreases with increasing residence time 
consequently favoring the production of H2 and CO2. 
Water gas shift reaction is the conversion of carbon monoxide and steam to carbon dioxide and 
hydrogen. It is a reversible exothermic reaction and usually assisted by a catalyst. The reaction 
is; (K. Joy et al., 1998) 
CO +  H2O ↔ CO2 +  H2 
This is a low temperature water gas shift which occurs between (190 – 250OC) and sometimes 
higher temperature (275-350OC) with the help of copper-zinc oxide catalyst. The redox is studied 
over, CuO, ZnO and AL2O3catatlyst. The surface redox mechanism: (Chandra Ratnasamy & Jon 
P. Wagner, 2009) 
H2O (g) + ∗  ↔  H2O ∗ 
H2O
∗ + ∗  ↔  OH∗ 
2OH∗   ↔  H2O
∗ + O∗ 





























HTC gas phase CCL team data
CH4 H2 CO CO2
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2H∗   ↔  H2(g) + 2
∗ 
CO (g) + ∗  ↔  CO ∗ 
CO∗ + ∗  ↔  CO2
∗ + ∗ 
CO2
∗   ↔  H2O (g) + ∗ 
Comparing the gas production rate of CCL team to that of literature, CCL team produce more 
gas than HTC of poultry litter and grape marc in literature. Poultry litter from literature produced 
2-5% gas, grape marc from literature produced 2.2-9% gas and CCL team produced 10.74%, 
10.74% and 11.77% of syngas at 290.56 ℃ for 10min, 297.22℃ for 10min and 276.67℃ for 
30min respectively. The difference is due to the lower char yield in HTC of poultry litter by CCL 
team causing more vapor to be produced. Also, composition of the gas from literature contain 
CO2, CO, H2, and CH4 while CCL team produced CO2, CO, H2, CH4, C2H4 and C2H6. 
4.8 Effect of Process condition on Hydrochar 
Result from the survey shows that carbonization process condition (temperature, reaction time 
and biomass concentration) influence the product (solid, gas and liquid) properties. Change in 
temperature has been seen to influence percentage of product yield, chemical and physical 
characteristics of hydrochar, the energy content, the heating value and the gas and liquid 
concentrations. 
As temperature increases fixed carbon and volatile matter decreases, solid yield decreases and 
the fraction of carbon leaving the slurry goes into the gas-phase. During HTC process, as 
carbonization temperature increases it increases the extent of hydrolysis and dehydration of the 
process thus, increases degradation potential and the amount of volatile compound leaving the 
process increases. Thereby decreasing solid yield and increasing the yield of gas. Carbon content 
in hydrochar and gas have also shown to increase with increase in carbonization temperature. 
Oxygen content decreases with increase in temperature due to decarboxylation of the feedstock. 
Heating value have shown to increase with increasing carbonization temperature. Since the 
higher the heating value the better the grade of coal. Energy yield decreases with increasing 
carbonization time.  
Residence time influences HTC process the same way as temperature does. The effect of variation 
of temperature is stronger than that of time. This is because temperature increases the potential for 
compound volatility and solubility and increasing temperature results in major impact on product 
yield and its characteristics. Thus, temperature increase lead to higher reaction rate. Residence 
time therefore affects energy consumption, char carbon content, and heating value. 
Initial concentration of feedstock has also shown to influence the product of HTC process. Fruit 
waste such as RA, GP, ACP and AJP resulted in larger solid yield and energy content as 
temperature of the process increases due to the presence of high sugar content in them and cellulose 
degradation starts at temperature greater than 200 OC. HTC process of feedstock such as grape 
seed, grape marc, miscanthus,  sewage sludge and poultry litter resulted in decrease in solid yield 
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as carbonization temperature and time was increased. HTC of Lignin favours production of solid 
(char), Cellulose and hemicellulose carbonization favours vapours (liquid and gas).  
The combined effect of temperature and residence time for a lignocellulose biomass is evaluated 
using hydrothermal severity. The method is referred to as the method of pretreating 
lignocellulose biomass for enzymatic process, nutrient recovery, and other useful utilization of 
hydrochar (Y. Zhou et al., 2010). The expression assume that hydrolysis process is first order 
with Arrhenius which depend on temperature. The equation is given as:  
 




   
(19) 
Where Ro is the reaction ordinate, it has a unit of time (min or sec), t is the residence time, T is 
the temperature of the process and the reference temperature is assumed 100. The higher the 
hydrothermal severity the lesser the yield of the hydrochar due to hydrolysis and degradation of 
cellulose and hemicellulose during HTC process. The calculated severity and the corresponding 
char yield are summarized in table below. 












15 190 6699.21 3.83 78 
15 260 771049.48 5.89 46 
MNS 
60 220 204830.44 5.31 63.73 
180 220 614491.31 5.79 52.22 
120 180 27206.75 4.43 72.42 
120 260 6168395.85 6.79 46.59 
Grape Seed  
60 180 13603.38 4.13 80.30 
120 180 27206.75 4.43 78.70 
480 180 108827.02 5.04 77.00 
60 220 204830.44 5.31 73.80 
180 220 614491.31 5.79 68.90 
480 220 1638643.50 6.21 67.70 
60 250 1565688.29 6.19 67.20 
180 250 4697064.87 6.67 63.90 




60 180 13603.38 4.13 78.00 
180 180 40810.13 4.61 73.00 
480 180 108827.02 5.04 79.00 
60 220 204830.44 5.31 70.00 
180 220 614491.31 5.79 68.00 
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480 220 1638643.50 6.21 60.00 
60 250 1565688.29 6.19 63.00 
180 250 4697064.87 6.67 61.00 
480 250 12525506.33 7.10 59.00 
 
 
Figure 4.30:  lignocellulose Hydrochar Yield Vs Hydrothermal Severity. 
High HTC severity result in a low yield of hydrochar due to hydrolysis and degradation of 
cellulose and hemicellulose in biomass. As shown in Figure 4.30, the recovery of solid decreases 
with increase residence time and temperature. Within the tested temperature range (180 to 250) 
for grape seed and grape marc, each increase in temperature of 30 OC resulted in 8% - 20% 
decrease in solid recovery. (Zhou et al., 2010) found that xylan recovery fraction decreases from 
10 to 30% when pretreatment severity increased from 2.538 to 3.716, respectively, during 
Hydrothermal treatment of corn Stover. 
Roman et el. 2018, reported the limitations to the use of hydrothermal severity in predicting yield 
of solid; they do not take into account mass, heat and momentum transfer, the constant 
temperature cannot always be applied, most of the experiments are carried out in batch condition. 
Since both water and solid feed are added at room temperature and heated up, the heat-up period 
in which the temperature increases from starting temperature to HTC temperature is not 
considered in the assumption. The assumption that temperature is constant only applies in bath 
micro-reactors and reactors in which sample and water enters at target temperature. Therefore, 




























5 Conclusions and Recommendation 
5.1 Conclusions 
The survey has shown that HTC can be used to improve fuel product properties of wet biomass 
by upgrading it product mass and energy density.  
Temperature and time change have been shown to influence the product of hydrothermal 
carbonization. Temperature variation changes hydrochar chemical characteristics and its energy 
content. The chemical composition of gas and liquid produced also depend on it. 
In all feedstock reviewed, as temperature increases, the carbon content increase while the oxygen 
decreases as a result of hydrolysis and dehydration, grape seed has the highest carbon content of 
70.7% at 250 OC and residence time of 480min resulting in the diminishing in the yield of 
hydrochar.  Volatile matter of carbon content decreases as temperature increases, which signifies 
the stability of the organic carbon in hydrochar is improved. High heating value also increases as 
carbon content increases with increasing temperature. H/C and O/C ratio decreases with 
increasing temperature due to dehydration and decarboxylation and gas phase formation. As the 
hydrochar yield reduces, the yield of the gaseous phase increases which composed mainly of 
CO2 (94-99%), at higher temperature CO (0.7-5.94%) is formed and trace amount of H2 (0.14-
0.55%) and CH4 (0.01-0.17%). 
Hydrochar production rate is between 27 -81.2%; sewage sludge having the highest production 
rate at 200 OC  and residence time of 60 minutes (however, it has a high fraction of ash), 
followed by grape with mass yield of 80.3% at 180 OC residence time of 60 minutes while ACP; 
a fruit waste  with high moisture and sugar content have the least char production rate (27%) at 
all of its carbonized temperature considered at residence time of 15 minutes and lowest energy 
yield. The lowest yield of solid is obtained by using glucose-based biomass such as the fruit 
waste with high sugar content and poultry liter with high protein content.  High Lignin based 
feedstocks such as wood, grape marc and grape seed are best for when high yield of hydrochar is 
desired. Comparing with the yield of poultry litter obtained by CCL team, CCL team has the 
least yield of hydrochar. 
Energy yield also decreases with increasing temperature and time. As char yield decreases, 
energy required for carbonization also decreases. Energy yield ranges from 32-98.75%; highest 
being grape marc at 180 OC and residence time of 480 minutes.  
Heating value increases with increasing carbonization temperature and time. The heating value is 
inversely proportional to the hydrochar mass yield. Hydrochar produced at lower severity has 
lower HHV compared to the ones produced under high condition. However, it is richer in carbon 
and energy density compared with the raw biomass. The heating value of all feedstock reviewed 
ranges from 17.6-29.88MJ/Kg. Grape seed and Grape marc carbonization have the highest 
heating value of 29.88MJ/Kg at 250 OC and residence time of 480 minutes.  
Energy densification ratio observed increases with increasing time and temperature. Energy 
densification ratio depends on high heating value. As heating value increases with temperature 
and time, heating value also increases. 
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The thermal efficiency of HTC decreases with reaction severity therefore, more energy is being 
conserved in the hydrochar as the reaction temperature and time increase. The thermal efficiency 
of GM, MNS and SS is higher than that of RA, AJP, ACP and GP. This difference might be due 
to different biomass moisture which resulted in different HHV or difference in the ratio of 
feedstock which resulted in different mass yield. Thermal efficiency of syngas produced from 
GM is low (as shown in the appendix) compared to the one produced by CCL team. This is due 
to low mass yield of syngas in GM. 
Similar trend was observed in all the waste considered except for the fruit waste with high sugar 
and moisture content. The food waste gave contradictory result. As carbonization temperature 
increases char yield increases. Increasing carbonization temperature for ACP did not yield any 
change. This might be due to complete conversion of the feedstock at 190 OC therefore, further 
increase in temperature would not have any effect. Sugar is dissolved in water and degrade easily 
at low temperature. 
CCL team data follows similar trend as the literature except for the fruit waste whose char yield 
increases with an increase in temperature. For the CCL team data, at temperature of 290.56 OC 
and residence time of 10 minutes, the carbon content of the hydrochar was 65%, gas production 
rate 10.74%, however it yielded no hydrogen. Char yield at this temperature was 14.23%, energy 
is 58.2% and heating value 14.1MJ/Kg. The heating value obtained by CCL team is low 
compared to the literature. 
5.2 Recommendations 
HTC should be done at the most severe condition i.e. highest HTC temperature and longer 
residence time which will result in the production of hydrochar with HVV and LHV, however 
the hydrochar yield will be low at this condition. The higher the heating value the better the 
quality of the fuel. 
High lignin-based feedstocks such as wood, grape marc, Miscanthus and grape seed are best for 
when high yield of hydrochar is desired. 
Treatment strategies should be explored for hydrochar produced by HTC of sewage sludge to 
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Hydrochar thermal efficiency is calculated on the of basis of biomass input alone. neglecting 


























190 25 36 400.00 144.00 3600.00 6800.00 0.53 52.94
225 26 36 400.00 144.00 3744.00 6800.00 0.55 55.06
260 26 39 400.00 156.00 4056.00 6800.00 0.60 59.65
feesdstock 19
190 24 27 400.00 108.00 2592.00 6800.00 0.38 38.12
225 27 27 400.00 108.00 2916.00 6800.00 0.43 42.88
260 29.11 27 400.00 108.00 3143.88 6800.00 0.46 46.23
feesdstock 16.5
190 22 36 400.00 144.00 3168.00 6800.00 0.47 46.59
225 23.5 28 400.00 112.00 2632.00 6800.00 0.39 38.71
260 27.5 30 400.00 120.00 3300.00 6800.00 0.49 48.53
feesdstock 17
190 23.5 38 400.00 152.00 3572.00 6800.00 0.53 52.53
225 24.8 40 400.00 160.00 3968.00 6800.00 0.58 58.35
260 25 45 400.00 180.00 4500.00 6800.00 0.66 66.18
Feedstock 20.6
60 200 22.8 81.2 100.00 81.20 1851.36 2060.00 0.90 89.87
120 23 80 50.00 40.00 920.00 1030.00 0.89 89.32
240 23.4 77.1 25.00 19.28 451.04 515.00 0.88 87.58
360 23.7 73.6 16.67 12.27 290.72 343.33 0.85 84.68
Feedstock 16
175 17.6 44 200.00 88.00 1548.80 3200.00 0.48 48.40
200 17.8 41 200.00 82.00 1459.60 3200.00 0.46 45.61
225 21.8 39 200.00 78.00 1700.40 3200.00 0.53 53.14
250 21.3 36 200.00 72.00 1533.60 3200.00 0.48 47.93
MNS 18.78
60 220 22.75 63.73 100.00 63.73 1449.86 1878.00 0.77 77.20
120 220 23.99 56.81 50.00 28.41 681.44 939.00 0.73 72.57
180 220 24.68 52.22 33.33 17.41 429.60 626.00 0.69 68.63
120 180 21.67 72.42 50.00 36.21 784.67 939.00 0.84 83.56
120 260 26.02 46.59 50.00 23.30 606.14 939.00 0.65 64.55
grape seed 23.58
60 26.46 80.30 100.00 80.30 2124.66 2358.00 0.90 90.10
180 26.83 78.70 50.00 39.35 1055.56 1179.00 0.90 89.53
480 28.03 77.00 12.50 9.63 269.77 294.75 0.92 91.52
60 27.94 73.80 100.00 73.80 2062.27 2358.00 0.87 87.46
180 28.50 68.90 50.00 34.45 981.76 1179.00 0.83 83.27
480 28.31 67.70 12.50 8.46 239.55 294.75 0.81 81.27
60 26.16 67.20 100.00 67.20 1758.15 2358.00 0.75 74.56
180 29.87 63.90 50.00 31.95 954.22 1179.00 0.81 80.93
480 29.88 62.30 12.50 7.79 232.67 294.75 0.79 78.94
grape marc 20
60 24.00 78.00 100.00 78.00 1872.00 2000.00 0.94 93.60
180 24.00 73.00 33.33 24.33 584.00 1000.00 0.58 58.40
480 25.00 79.00 12.50 9.88 246.88 250.00 0.99 98.75
60 25.00 70.00 100.00 70.00 1750.00 2000.00 0.88 87.50
180 27.00 68.00 33.33 22.67 612.00 1000.00 0.61 61.20
480 28.00 60.00 12.50 7.50 210.00 250.00 0.84 84.00
60 28.00 63.00 100.00 63.00 1764.00 2000.00 0.88 88.20
180 29.00 61.00 33.33 20.33 589.67 1000.00 0.59 58.97



















rotten apple (RA) (80% 
sugar)
Apple chip pomace (ACP) 
(88.1% moisture content) ( 
33.7% sugar)
apple juice pomace (AJP) 
(40% sugar)
grape Pomace (GP) (72.03% 
moisture content) (30% 
sugar)














Syngas energy efficiency calculation  
 














60 2000 0.705408 0.0352704
180 1000 3.901635 0.3901635
480 250 7.69167 3.076668
60 2000 0.52926 0.026463
180 1000 1.75134 0.175134
480 250 3.16149 1.264596
60 2000 0.3218906 0.016094531
180 1000 0.7132913 0.071329125
480 250 1.265085 0.506034















HHV (MJ/kg) energy rate 
(MJ/hr)
Total gas rate 100 2.2
CO2 44 99.1 2.1802 0.04955 2.1802 0.0 0
180, 1hr CO 28 0.7 0.0154 0.00055 0.0154 10.2 0.15708
H2 2 0.16 0.00352 0.00176 0.00352 141.9 0.499488
CH4 16 0.04 0.00088 0.000055 0.00088 55.5 0.04884
total carbon out 12 0.60186 2.2 0.32064 0.705408








HHV (MJ/kg) energy rate 
(MJ/hr)
Total gas rate 100 3
CO2 44 98.6 2.958 0.067227273 0.986 0.0 0
180, 3hr CO 28 1.1 0.033 0.001178571 0.011 10.2 0.1122
H2 2 0.29 0.0087 0.00435 0.0029 141.9 0.41151
CH4 16 0.01 0.0003 0.00001875 0.0001 55.5 0.00555
total carbon out 12 0.821095 1 0.52926 0.52926














HHV (MJ/kg) energy rate 
(MJ/hr)
Total gas rate 100 3.5
CO2 44 98 3.43 0.077954545 0.42875 0.0 0
180, 8hr CO 28 1.57 0.05495 0.0019625 0.00686875 10.2 0.07006125
H2 2 0.39 0.01365 0.006825 0.00170625 141.9 0.242116875
CH4 16 0.04 0.0014 0.0000875 0.000175 55.5 0.0097125
total carbon out 12 0.960055 0.4375 0.73575 0.321890625












Total gas rate 100 4.5
CO2 44 95.68 4.3056 0.097855 4.3056 0.0 0
220, 1hr CO 28 3.97 0.17865 0.00638 0.17865 10.2 1.82223
H2 2 0.31 0.01395 0.006975 0.01395 141.9 1.979505
CH4 16 0.04 0.0018 0.000113 0.0018 55.5 0.0999
total carbon out 12 1.252169 4.5 0.86703 3.901635












Total gas rate 100 6
CO2 44 95.68 5.7408 0.130473 1.9136 0.0 0
220, 3hr CO 28 3.97 0.2382 0.008507 0.0794 10.2 0.80988
H2 2 0.32 0.0192 0.0096 0.0064 141.9 0.90816
CH4 16 0.03 0.0018 0.000113 0.0006 55.5 0.0333
total carbon out 12 1.669108 2 0.87567 1.75134












Total gas rate 100 7
CO2 44 95.68 6.6976 0.152218 0.8372 0.0 0
220, 8hr CO 28 3.97 0.2779 0.009925 0.034738 10.2 0.3543225
H2 2 0.25 0.0175 0.00875 0.002188 141.9 0.31040625
CH4 16 0.1 0.007 0.000438 0.000875 55.5 0.0485625
total carbon out 12 1.950968 0.875 0.81519 0.71329125




















Total gas rate 100 7
CO2 44 93.67 6.5569 0.14902 6.5569 0.0 0
250, 1hr CO 28 5.94 0.4158 0.01485 0.4158 10.2 4.24116
H2 2 0.32 0.0224 0.0112 0.0224 141.9 3.17856
CH4 16 0.07 0.0049 0.000306 0.0049 55.5 0.27195
total carbon out 12 1.97012 7 1.09881 7.69167













Total gas rate 100 8.5
CO2 44 94.5 8.0325 0.182557 2.6775 0.0 0
250, 3hr CO 28 5 0.425 0.015179 0.141667 10.2 1.445
H2 2 0.38 0.0323 0.01615 0.010767 141.9 1.52779
CH4 16 0.12 0.0102 0.000638 0.0034 55.5 0.1887
total carbon out 12 2.380475 2.833333 1.11582 3.16149













Total gas rate 100 9
CO2 44 96.4 8.676 0.197182 1.0845 0.0 0
250, 8hr CO 28 2.92 0.2628 0.009386 0.03285 10.2 0.33507
H2 2 0.52 0.0468 0.0234 0.00585 141.9 0.830115
CH4 16 0.16 0.0144 0.0009 0.0018 55.5 0.0999
total carbon out 12 2.48961 1.125 1.12452 1.265085
total oxygen out 16 6.45999
